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INVESTIGATIONS ON BOOMING NOISE IN COMMERCIAL VEHICLES 
AND PRECAUTIONS TO REDUCE THIS NOISE 
 
SUMMARY 
 
In this study, the fundamentals of noise, vibration and important steps in vehicle 
NVH development process are discussed. Mainly, the booming noise in commercial 
vehicles has been investigated and tried to find useful iterations to reduce this noise, 
with the aid of the computer aided engineering analysis and road test measurements 
Vehicle air-borne and structure-borne noise sources and booming noise mechanism 
are identified. By applying the panel contribution analysis, the corrective actions’ 
location has been defined. These definitions have been used during the experimental 
case study and second engine order has been taken into account during the analyses. 
Moreover, the actual vehicle booming noise level has been measured by CAE and 
compared with the measured levels that have been performed in the test track to get 
the correlation. Basically, CAE results have given an idea for the experimental case 
studies, which are the dominant parameters to give a decision about the corrective 
actions for the potential NVH problem, booming noise. 
Experimental case studies concluded that one of the corrective actions, bulkhead 
mass, is not needed while the other corrective action, close out panel, is needed. It is 
also concluded that panel contribution analysis method is a good approach for 
vehicle booming noise level investigation, vehicle level target setting and process of 
target taking action during vehicle NVH development. 
xvii 
TİCARİ ARAÇLARDA UĞULTU SESİNİN ARAŞTIRILMASI VE BU SESİN 
AZALTILMASI İÇİN ALINACAK TEDBİRLER  
 
ÖZET 
 
Bu çalışmada, ilk olarak gürültü, titreşim ve taşıt seviyesi gürültü titreşim konusunda 
temel bilgiler verilmiştir. Bununla beraber, ticari araçlarda uğultu sesinin 
araştırılması ve bu sesin azaltılması için alınacak tedbirler bilgisayar destekli 
mühendislikle önce ele alınmış, varsayılan tedbirler için öngörü elde edilmiş ve bu 
öngörüler deneysel çalışmalara yön vermiştir. Bilgisayar destekli mühendislik 
yoluyla öncelikle varsayılan tedbirlerin neden seçildiği, nerelere fayda 
sağlayabileceğinin açıklaması, fayda sağlayacağı bölgelerde hangi frekans aralığında 
iş yapacağı gibi birçok önemli parametre çözümlenmiştir. Tüm çalışma süresince 
uğultu sesi için motorun ikinci mertebesi yani yanma frekansı temel alınmıştır. 
Bilgisayar destekli çalışmaların çıktılarından yola çıkarak, deneysel çalışmalar 
yapılmış ve farklı varyantlarda (önden çekiş, arkadan itiş, soldan direksiyonlu, 
sağdan direksiyonlu...) yaklaşık 100 araç yol testine tabi tutlmuş ve 370 ölçüm 
alınmıştır. Sergilenen herbir data en az üç datanın ortalaması şeklinde yer almakta ve 
dataların sağlığını son derecede yansıtmaktadır. Yol dataları üçüncü viteste ve tam 
gaz manevrasında ve özel test pistinde toplanmıştır. Deneysel çalışmaların 
yapılmasıyla beraber bilgisayar destekli çalışmalarla ortak analizler de yapılmış ve 
iki çalışma arasında da korelasyonlar kurulup sonuca varılmıştır. 
Çalışmanın sonucunda, gerek bilgisayar destekli çalışmalar gerekse yol dataları bize 
kütlenin ne önden çekişli ne de arkadan itişli araçlar için alınabilecek bir tedbir 
omadığını göstermekle beraber, sürücü üst bölmesinin de çoğu araçlar için gerek 
hava taşınımlı gerekse yapısal taşınımlı uğultu sesini azltmakta önemli bir tedbir 
olacağını göstermiştir. Dolayısıyla alınacak bu tedbir, maliyet analizinin de 
yapılmasıyla uğultu sesiyle mücadele için önemini bir kez daha göstermektedir. 
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1. INTRODUCTION 
In recent years, on behalf of being to remain very competitive, profitable and 
powerful in the market in all areas of application, manufacturers have to battle with 
the other companies under very restrictive conditions for customer satisfaction and 
continuity. Because customers begin to become very conscious when consuming or 
buying any product they have need and use. Besides, customers expect to buy their 
requirements in the cheapest way without budging from the quality and long 
durability, which are pressing gang manufacturers during the determination of the 
development and marketing strategies. 
Other than the customer expectations automotive industry is very delicate when 
compared with the other companies. This situation requires that advance engineering 
has to be considered for good marketing strategies, which are also depending on the 
requirements of customers and reach to the company targets. Cost and quality again 
begin to be the most parameters for the customers’ satisfaction.  
High quality and low cost parameters are not obligation for only the passenger cars, 
but also they are absolutely essential for the commercial vehicles. To overcome these 
problems many attribute teams work within the production development and research 
& development departments with the groups experienced engineers and specialists. 
Durability, fuel economy, safety and ergonomics are the main parameters which are 
vital expectations other than competitive price from the customers. Additionally, for 
the pleasant and comfortable drives, vehicles need to be optimized according to 
driving quality, which depends on vehicle dynamics and competitive NVH 
characteristics. Vehicle noise and vibration performance is one of the main aspects, 
which can be classified within driving quality, as it has a direct impact on customers. 
Therefore, so much money has been spent for the development of noise and vibration 
from the prototypes till the launch of a vehicle. For these purposes, NVH 
departments are being established within automotive companies and skilled 
engineers are needed to improve the vehicle drive comfort. 
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In this study, it is aimed to describe one of the most important steps in vehicle NVH 
development and target setting, which can be referred as vehicle interior noise level 
and sound quality analysis with reducing the unwanted and annoying booming 
noises. A commercial vehicle can be performed for good level of booming noise with 
the aid of some corrective actions. Finally; the best action may be chosen for any 
range of the booming noise and this can be implemented for the pleasant drive. When 
choosing the best corrective actions, cost damage should be taken into account 
deeply. 
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2. THEORY AND BACKGROUND 
In this study, some basic definitions about acoustics, vibration fundamentals and 
vehicle NVH will be introduced. 
2.1 Fundamentals of Acoustics 
Acoustics is the science of sound both audible and inaudible, and covers all fields of 
sound production, sound propagation and sound reception, whether created and 
received by human beings or by machines and measuring instruments. Some topics 
of acoustics can be given as; vibration and structural acoustics, musical acoustics 
(acoustics of musical instruments), electro acoustics (audio, loudspeaker and 
microphone design), architectural acoustics (auditoriums, listening rooms), 
psychoacoustics (human hearing and perception of sound), underwater acoustics 
(sonar, echo ranging, military applications) [19]. 
2.1.1 Sound Terminology and the Nature of Sound 
Sound is defined as mechanical energy vibrations transmitted as waves through a 
solid, liquid, or a gas that can be detected by the sense of hearing. 
 
Figure 2.1: Some Sound Terminologies 
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Sound consists of pressure fluctuations through an elastic medium. When the elastic 
medium is air, and the pressure fluctuations fall on the eardrum, the sensation of 
hearing is produced. Sound is a form of energy, and is transmitted by the collision of 
explosions, where there may be the release of a large volume of gas at above 
atmospheric pressure). A useful analogy is to consider a cork floating on the surface 
of a pond. Ripples may travel across the surface of the pond, but the cork merely 
bobs up and down; it does not move with the ripples [3]. 
The mechanism of sound propagation involves interplay between pressures generated 
by elastic reaction to volumetric strain. Sound results from the link between 
accelerations and volumetric strains, both of which are functions of particle 
displacement. The speed of propagation is determined by the mean density of the 
fluid and a measure of its elasticity known as ‘bulk modulus’, which relates acoustic 
pressure to volumetric strain. The density of water is about 800 times that of air, but 
its bulk modulus is about 15000 times that of air; consequently the speed of sound in 
water (about 1450 m.s-1) is much higher than that in air (about 340 m.s-1) [16]. 
A sound source will produce a certain amount of sound energy per unit time 
[Joule/sec], i.e. it has a certain sound power rating in W [Watt = Joule/sec]. This is a 
basic measure of how much acoustical energy can be produced, and is independent 
of its surroundings. 
2.1.2 Radiation and Propagation of Sound 
Theoretically, sound radiates spherically from a point source two things can 
complicate this simple situation: the presence of obstacle in the travel path, and in the 
open air, non-uniformities of the atmosphere such as wind and temperature gradients. 
Assuming the simple situation, the pressure fluctuations travel at a definite speed (c), 
which depends on the air temperatures. At 15oC, the speed of the sound (c) is 340 
m/s. an approximate formula for the speed of the sound at any temperature (t oC) 
within a reasonable range is given by: 
c=331+0,6t                                                                                                              (2.1) 
If a sound wave encounters an obstacle, which is small in comparison with the 
wavelength, the effect of the obstacle will scarcely be noticed. Only if the 
dimensions of the obstacle are at least as large as the wavelength will the obstacle 
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have the effect of blocking the sound. Practical barriers must be located close to 
either the source or the recipient of the sound, and usually extend 3 to 5 times the 
wavelength beyond the extreme lines of sight. 
The vibration of any solid surface sets up corresponding vibration in the air next to 
the surface, and in this way sound is generated however, any process which imparts a 
fluctuating motion to the air will generate sound; examples are the rotating blades of 
a fan or propeller; the interruption to air flow in a siren; and the rapidly pulsating 
flow of the bell end of a wind instrument. 
In the cases where the source of sound can be represented by a vibrating surface, a 
critical factor is the size of the surface in relation to the wavelength of that sound. 
The vibrating surface must be appreciably larger than the wavelength in both 
directions for there to be efficient radiation of sound. 
When a spring is compressed, the ‘compression’ travels along the spring. The same 
happens when air molecules are compressed and extended; the ‘compression’ and 
‘extension’ or changes of pressure travel or radiate in air [19]. 
Sound is simply a vibration in the air; a series of compressions (where air molecules 
are dense) and rarefactions (where they are sparse). These waves travel outwards in 
all directions from the source of the sound, until they are captured by our ears and 
interpreted by the brain. 
 
Figure 2.2: Radiation and Propagation of Sound 
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2.1.2.1 Anechoic and Reverberant Enclosures 
 
Figure 2.3: Anechoic and Reverberant Enclosures 
The sound energy will not always be allowed to radiate freely from the source. When 
sound radiated in a room reaches the surfaces, i.e. walls, ceiling and floor, some 
energy will be reflected and some will be absorbed by, and transmitted through the 
surfaces. 
In a room with hard reflecting surfaces, all the energy will be reflected and a so 
called diffuse field with sound energy uniformly distributed throughout the room is 
set up. Such a room is called a reverberation room. 
In a room with highly absorbent surfaces all the energy will be absorbed by the 
surfaces and the noise energy in the room will spread away from the source as if the 
source was in a free field. Such a room is called an anechoic room. 
2.1.3 Speed of Sound 
All frequencies travel with the same speed in air. The speed depends on the local air 
temperature. There’s a general equation for working out the speed of sound in any 
gas: 
M
RT
c
γ
=
                                                                                                               (2.2) 
Where; 
c = the speed of sound in meters per second, 
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R = the universal gas constant = 8,314 J/mol K,  
T = the absolute temperature in Kelvin, 
M = the molecular weight of the gas in kg/mol, 
γ = the adiabatic index (ratio of the specific heat capacity at constant pressure to the 
specific heat capacity at constant volume). 
2.1.4 Frequency and Amplitude of Sound 
As a wave, sound has two main characteristics, which are frequency and amplitude 
that influence the human response to sound. 
 
Figure 2.4: Different Frequency Samples 
 
Figure 2.5: Different Amplitude Samples 
Frequency is a measure of how many vibrations occur in one second. This is 
measured in Hertz (abbreviation Hz) and directly corresponds to the pitch of a sound. 
The higher the frequency means the higher the pitch. The amplitude of a sound wave 
is the degree of motion of air molecules within the wave, which corresponds to the 
extent of rarefaction and compression that accompanies the wave. 
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When sound waves travel from one medium to another, their frequency and 
wavelength change, as they are inverse proportional to each other but their speed 
remains the same. 
λ
cf =                                                                            (2.3) 
Where; 
c is the speed of sound in meters per second 
λ is the wavelength of the sound wave 
f is the frequency of the sound wave 
 
Figure 2.6: Schematic View of a Wave’s Fundamental Parameters. 
Optimally, people can hear from 20 Hz to 20,000 Hz (20 kHz), though with age the 
extremes of hearing are lost. However, the ear is not equally sensitive to the same 
amplitude of pressure fluctuations at all frequencies. For convenience, the range of 
audible frequencies can be divided into five groupings.  
 
Figure 2.7: Different Hearing Ranges of Living Creatures 
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Low bass (20 to 80 Hz) includes the first two octaves. These low frequencies are 
associated with power and are typified by explosions, thunder, and the lowest notes 
of the organ, bass, tuba, and other instruments. Too much low bass results in a 
muddy sound.  
Upper bass (80 to 320 Hz) includes the third and fourth octaves. Rhythm and support 
instruments such as the drum kit, cello, trombone, and bass use this range to provide 
a fullness or stable anchor to music. Too much upper bass results in a boomy sound.  
Mid-range (320 to 2,560 Hz) includes the fifth through seventh octaves. Much of the 
richness of instrumental sounds occur in this range, but if over-emphasized a tinny, 
fatiguing sound can be the result. 
Upper mid-range (2,560 to 5,120 Hz) is the eighth octave. Human ear is very 
particular about sound in this range, which contributes much to the intelligibility of 
speech, the clarity of music, and the definition or "presence" of a sound. Too much 
upper mid-range is abrasive.  
Treble (5,120 to 20,000 Hz) includes the ninth and tenth octaves. Frequencies in this 
range contribute to the brilliance or "air" of a sound, but can also emphasize noise.  
Sounds below 20 Hz are infrasonic; sounds above 20 kHz are ultrasonic. It is a 
matter of debate how much frequencies in these ranges affect hearing.  
The frequency response of a device is the range of frequencies it will accurately 
reproduce. This is commonly expressed in the form 35-16K 2dB. This means that the 
device will reproduce sounds from 35Hz to 16,000Hz within 2 decibels either way. 
2.1.4.1 Natural Frequency 
All vibrating systems have a specific vibrating frequency unique to that system 
design. This frequency is called the natural frequency, which changes if any of the 
characteristics of the vibrating system changes. 
If the external force on a vibrating system is changed then the amplitude changes but 
the natural frequency remains the same. 
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Figure 2.8: Natural Frequency 
A vibration or sound that develops in a vehicle may be caused by a change in the 
status of a component like a bad seal in a strut. The natural frequency of the 
suspension system is changed due to the loss of dampening in the strut. The 
suspension system will now vibrate noticeably over the same road conditions, which 
had not previously caused a customer complaint. 
2.1.4.2 Resonance 
Resonance occurs when the vibrating force (external force) on a vibrating system is 
moving at the same frequency (Hz) as the natural frequency of that vibrating system. 
Figure 2.8 shows the waveform of the natural frequency of the system and the wave 
of the vibrating force at the same frequency. The resulting wave that occurs is at the 
same frequency but with much greater amplitude [19]. 
This is a significant phenomenon in a vehicle because the increased level is sensed 
by the customer and perceived to be a problem. 
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Figure 2.9: Resonance Concept 
The frequency (Hz) at which this occurs is the “resonance point". 
The amplitude (dB) of the vibrating system increases dramatically when the 
resonance point is reached. 
2.1.5 Sound Fields 
 
Figure 2.10: Sound Fields 
In practice, the majority of sound measurements are made in rooms that are neither 
anechoic nor reverberant - but somewhere in between. This makes it difficult to find 
the correct measuring positions where the noise emission from a given source must 
be measured. 
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It is normal practice to divide the area around a noise source e.g. a machine into four 
different fields: 
Near field, far field, free field and reverberant field. 
The near field is the area very close to the machine where the sound pressure level 
may vary significantly with a small change in position. The area extends to a distance 
less than the wavelength of the lowest frequency emitted from the machine, or at less 
than twice the greatest dimension of the machine, whichever distance is the greater. 
Sound pressure measurements in this region should be avoided. 
The far field is divided into the free field and the reverberant field. In the free field 
the sound behaves as if in open air without reflecting surfaces to interfere with its 
propagation. This means, that in this region the sound level drops 6 dB for a doubling 
in distance from the source. 
In the reverberant field, reflections from walls and other objects may be just as strong 
as the direct sound from the machine. 
2.1.6 Sound Intensity and Sound Intensity Level 
Sound intensity is defined as the sound power per unit area. The usual context is the 
measurement of sound intensity in the air at a listener's location. The basic units are 
watts/m2 or watts/cm2.  
 
Figure 2.11: Energy Transfer from the Source 
The geometrical shape that has all points equal distance away from a source is a 
sphere. The loudness heard depends on the ratio of the area of our sound collector to 
the total area of the sphere surrounding the sound source. This motivates the 
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introduction of another physical quantity associated with sound waves, intensity. The 
intensity of a sound wave depends on how far a source is. If we label that distance as 
r, then the sound intensity is: 
c
p
r
PI
ρpi
2
24
==                                                                                                         (2.4) 
Where; 
Power: P [W] 
Intensity: I [J/s/m2=W/m2] 
Pressure: p [Pa=N/m2] 
This says that on the surface of a sphere centered on the sound source, all points get 
equal intensity, which agrees with our intuition. 
The sound intensity vector, I
→
 describes the amount and direction of flow of acoustic 
energy at a given position. 
A transfer of energy, which is transferred to outlying molecules, from the source to 
the adjacent air molecules, takes place after sound is produced by a sound source 
with a sound power, P. The rate at which this energy flows in a particular direction 
through a particular area is called the sound intensity, I. The energy passing a 
particular point in the area around the source will give rise to a sound pressure, p, at 
that point. ρ is the density of air, c is the speed of the sound. 
Sound intensity, which is mainly used for location and rating of noise sources, and 
sound pressure can be measured directly by suitable instrumentation. By the aid of 
measured values of sound pressure or sound intensity levels and knowledge of the 
area over which the measurements were made, sound power can be calculated easily. 
Many sound intensity measurements are made relative to a standard threshold of 
hearing intensity I0: 
2212
0 //10 cmwattsmwattsI ==
−
                                                                           (2.5) 
The most common approach to sound intensity measurement is to use the decibel 
scale: 
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)(log10)(
0
10 I
IdBI =                                                                                                (2.6) 
And this gives us the sound intensity level with the reference, Iref = 10-12 W/m2 
2.1.7 Sound Power and Sound Power Level 
Sound power is defined as the energy of sound per unit of time (J/s, W in SI-units) 
from a sound source. Human hearable sound power spans from 10-12 W to 10 - 100 
W, a range of 10/10-12 = 1013 [16]. 
The main use of sound power is for the noise rating of machines etc. An analogy can 
be made between sound, and a maybe better-known physical quantity - heat. 
An electrical heater produces a certain amount of energy per unit time [Joule/sec] i.e. 
it has a certain power rating in W [Watt = Joule/sec]. This is a basic measure of how 
much heat it can produce and is independent of the surroundings. The energy flows 
away from the heater raising the temperature in other parts of the room and this 
temperature can then be measured with a simple thermometer in ºC or ºF. However, 
the temperature at a particular point will not only depend on the power rating of the 
heater and the distance from the heater, but also on the amount of heat absorbed by 
the walls, and the amount of heat transferred through the walls and windows to the 
surroundings etc [14]. 
 
Figure 2.12: Sound Power Analogy with Electric Production 
Sound power can more practically be expressed as a relation to the threshold of 
hearing - 10-12 W - in a logarithmic scale named Sound Power Level - Lw: 
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Lw = 10 log (P / Po)                                                                                                  (2.7) 
Where, 
Lw = Sound power level in decibel [dB] 
P = sound power [W] 
Po = 10-12 - reference sound power [W] 
2.1.8 Sound Pressure and Sound Pressure Level 
The Sound Pressure is the force (N) of sound on a surface area (m2) perpendicular to 
the direction of the sound. The SI-units for the Sound Pressure are N/m2 or Pa. 
The main use of sound pressure is that it is important parameter for the harmfulness 
and annoyance of noise sources. 
 
Figure 2.13: Sound Pressure Level 
When a sound source such as a tuning fork vibrates it sets up pressure variations in 
the surrounding air. The emission of the pressure variations can be compared to the 
ripples in a pond caused by a stone thrown in the water. The ripples spread out from 
the point where the stone entered. However the water itself does not move away from 
the center. The water stays where it is, moving up and down to produce the circular 
ripples on the surface. Sound is like this. The stone is the source, the pond is the air, 
and the ripples are the resulting sound wave [15]. 
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Figure 2.14: Acoustic Pressure Variations 
The acoustic pressure vibrations are superimposed on the surrounding static air 
pressure, which has a value of 105 Pascal. 
 
Figure 2.15: Ranges of Sound Pressure and Sound Pressure Level 
Compared with the static air pressure, the audible sound pressure variations are very 
small ranging from about 20 mPa (10 -6 Pa) to 100 Pa. 20 mPa is the quietest sound 
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that can be heard by an average person and it is therefore called the threshold of 
hearing. A sound pressure of approximately 100 Pa is so loud that it causes pain, and 
it is therefore called the threshold of pain. The ratio between these two extremes is 
more than a million to 1. 
For the measurement of sound pressure, it would lead to the use of enormous and 
unwieldy numbers, if the direct application of linear scales, in Pa is used. 
Additionally, the ear responds not linearly but logarithmically to stimulus. So, 
expressing acoustic parameters as a logarithmic ratio of the measured value to a 
reference value has been found more practical and useful. Here, a logarithmic ratio 
called a decibel or just dB. 
Both sound pressure level and sound intensity level are purported to measure the 
same thing; the loudness of a sound that heard. This means that they better be equal. 
The sound pressure level can be written as:  
Lp = 10 log (p2 / p02) = 10 log (p / p0) 2 = 20 log (p / p0)                                         (2.8) 
Where; 
Lp = sound pressure level (dB) 
p = sound pressure (Pa) 
p0 = 2 10-5 - reference sound pressure (Pa) 
2.1.9 Decibel (dB) Concept 
The decibel (dB) is used to measure sound level, but it is also widely used in 
electronics, signals and communication. The dB is a logarithmic unit used to describe 
a ratio. The ratio may be power, sound pressure, voltage or intensity or several other 
things. It is clearly difficult to express enormous ratios on a simple arithmetic scale, 
so a logarithmic scale is used. The unit used is bel. Thus 1 bel is 110 10log  (a tenfold 
change in intensity), 2 bel is 210 10log  (a hundredfold change in intensity) and so on. 
The bel, however, is a very large unit, so it is further split into tenths, called decibels 
(abbreviated dB), so 1 bel is 10 decibels [18]. 
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Thus, 1 decibel equals a change of intensity of 1, 26 times, since 101/10 is 1, 26. Also 
a change of intensity of 3 dB=1,263=2, so that doubling the intensity of a sound gives 
an increase of 3 dB. 
Human reaction to noise is very complex and depends on so many variables - level, 
frequency, background level, impulsiveness, period etc – which generalizations are 
difficult to make. However, despite its limitations the following table is useful- 
particularly when the decibel is not familiar.  
Table 2.1: Approximate Relation between Changes in SPL and Human Reaction 
Change in SPL 
dB (A) 
Approximate change 
in acoustic pressure 
Percentage 
Human Subjective 
Reaction 
1 1,1 10  % Can’t detect 
3 1,4 40 % Minimum Change 
6 2,0 100 % 
Pressure Doubling 
Significant Change 
10 3,3 330 % Subjective Doubling 
20 10,0 1000 % Very Noticeable Change 
2.1.9.1 Combination or Subtraction of Decibel 
The essential feature of combination of combination and subtraction of sounds is that 
it is on an energy basis in the cases. That is, sound intensities or their equivalent of 
the corresponding sound pressures may be manipulated in a simple additive manner. 
Expressed in symbols: 
(ptot)2=(p1)2+(p2)2                                                                                                     (2.9) 
When ptot = total sound pressure then p1 and p2 = sound pressures of the individual 
components as RMS values 
Thus to find the total dB value for the addition of two sounds, actual sound pressure 
could be found in each case, square them, add and extract the square root. The 
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resultant pressure would then be expressed again as SPL in dB. It is also possible to 
use the squares of he ratios only, add them and convert bask to SPL, without the 
necessity of finding, the actual the sound pressures. 
This operation is explained in detail here. Because SPL is defined by: 
2
10 )(log10)(
refP
PdBSPL =                                                                                      (2.10) 
Then 
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10
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=                                                                                         (2.11) 
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...)
10
log
10
log(log10 2110 ++=
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antiSPLantiSPLtot                                            (2.13) 
Thus the sum of two sounds of 93 dB SPL and 95 dB SPL is 97, 1 dB SPL or 2, 1 dB 
greater than the higher value. When two sounds of the same SPL are added, the total 
is found to be nearly 3 dB or greater than either. For subtraction, the same applies; 
removal of one or two sound sources of the same SPL value will reduce the level by 
very nearly 3 dB. To derive an overall level from a number of levels such as SPL in 
octave bands, in practice, two values are added at a time by the use of the chart or 
table and so on with the summed values until the overall level is found. 
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2.1.9.2 Combination of Two dB Levels 
 
Figure 2.16: Addition of Two Sound Levels 
If the contribution from the two sources differs, converting the individual dB values 
to linear values, adding these and converting back to dB can find the total sound 
pressure level. But a somewhat easier method is to use this simple curve for addition 
of dB levels. 
To use the curve proceed as follows: 
1. Calculate the difference, ∆L, between the two sound pressure levels. 
2. Use the curve to find L+. 
3. Add L+ to the highest level to get Lt, the total level. 
2.1.9.3 Subtraction of dB Levels 
In some cases it is necessary to subtract noise levels. This could, for example, be the 
case where noise measurements on a particular machine are carried out in the 
presence of background noise. It is then important to know if the measured noise is 
due to the background noise, the noise from the machine, or the combined influence. 
The procedure when performing the test is as follows: 
1. Measure the combined effect of machine noise and background noise, LS + N. 
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2. Switch off the machine and measure the background noise, LN. In most cases it is 
possible to switch off the machine under test, whereas the background noise 
normally cannot be switched off. 
3. Finally calculate the difference, ∆L = LS + N - LN and use the following simple 
curve to find the correct noise level caused by the machine. 
 
Figure 2.17: Subtraction of two Sound Levels 
If ∆L is less than 3 dB, the background noise is too high for an accurate measurement 
and the correct noise level cannot be found until the background noise has been 
reduced. If, on the other hand, the difference is more than 10 dB, the background 
noise can be ignored. If the difference is between 3 dB and 10 dB, the correct noise 
level can be found by entering the value of ∆L on the horizontal axes and read the 
correction value, L
-
 off the vertical axes. The correct noise level caused by the 
machine is now found by subtracting L- from LS + N. 
2.1.9.4 Combination of Many dB Levels 
For L1=L2=L3......=LN, 
LTOTAL=L1+10logN                                                                                               (2.14) 
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Figure 2.18: Addition of Many Sound Levels 
Addition of many dB values is done using the following equation: 
LTotal = 10 log (10 0.1 L1 + 10 0.1 L2 + 10 0.1L3 ... + 10 0.1Ln)                                     (2.15) 
For equal levels the curve for adding values can be used. 
2.1.9.5 Conversion to dB Using Charts 
 
Figure 2.19: Conversion to dB Using Charts 
Instead of using the formula for conversion between pressure values and dB levels 
(or vice versa) it is possible to use a simple graph for conversion. The graph here is 
based on dB values are 20 mPa and the dashed lines give an example of how 1 Pa 
converts to 94 dB [7]. 
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Figure 2.20: Simple Rules for Conversion 
When dealing with sound measurements, it is often useful to know some "rule of 
thumb" values for conversion between linear values and dB's. The most useful of 
these approximate values are shown in the illustration. 
2.1.10 Acoustic Impedance 
Sound travels through materials under the influence of sound pressure. Because 
molecules or atoms of a solid are bound elastically to one another, the excess 
pressure results in a wave propagating through the solid. 
The acoustic impedance (Z) of a material is defined as the product of its density (p) 
and acoustic velocity (V). 
Z=pxV                                                                                                                   (2.16) 
Acoustic impedance is important in: 
-  The determination of acoustic transmission and reflection at the boundary of two 
materials having different acoustic impedances.  
-  The design of ultrasonic transducers.  
-  Assessing absorption of sound in a medium [6]. 
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2.1.11 Hearing Level 
The average (modal) value of the threshold of hearing for a large group of 
otologically normal subjects in the range 18 – 24 years has been determined, and is 
incorporated in the British and international standards, which are approximately 
equivalent. The ear is frequency sensitive and all frequencies give different values of 
dB (SPL) for 0 dB (hearing level). Sounds of different frequency, at a constant sound 
pressure level, do not evoke equal loudness sensations. This phenomenon is neither 
linear with amplitude nor frequency and “loudness level” is measured in phons, and 
the sound is compared again to a standard reference signal of 1000 Hz (as seen in 
Figure 2.21). The loudness level in phons of any sound is taken as that which is 
subjectively as loud as a 1000 Hz tone of known level. For example, 0 phon is 0 dB 
at 1000 Hz, and 40 phon is the loudness of any tone is as loud as 1000 Hz tone of 40 
dB [16]. 
 
Figure 2.21: Normal Equal Loudness Contours for Pure Tones 
Here, normal equal loudness contours are shown for pure tones. The dashed curve 
indicates the normal binaural minimum audible field. 
Almost 80 dB more SPL is needed at 20 Hz to give the same perceived loudness as at 
3-4 kHz. 
This observation together with frequency masking - limitations in the ears capability 
to discriminate closely spaced frequencies at low sound levels in the presence of 
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higher sounds - is the foundation for the calculation of the loudness of stationary 
signals. 
Loudness of non-stationary signals also needs to take the temporal masking of the 
human perception into account. 
A correct calculation of these loudness values is crucial for all the following metrics 
calculations such as Sharpness, Fluctuation Strength and Roughness. 
 
Figure 2.22: The Range of Human Hearing 
This display of the auditory field illustrates the limits of the human auditory system. 
The solid line denotes, as a lower limit, the threshold in quiet for a pure tone to be 
just audible. 
The upper dashed line represents the threshold of pain. However if the limit of 
damage risk is exceeded for a longer time, permanent hearing loss may occur. This 
could lead to an increase in the threshold of hearing as illustrated by the dashed curve 
in the lower right-hand corner. 
Normal speech and music have levels in the shaded areas, while higher levels require 
electronic amplification. 
2.1.12 Weighting Networks 
The various standards organizations recommend the use of three weighting networks, 
as well as a linear response. The A weighting, which is now used almost exclusively, 
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was originally designed to follow the response of the human ear at low sound levels, 
to a first approximation. The B and C networks were originally intended to be used at 
higher sound levels and their response was designed to follow the response of the ear 
at levels between 55 and 85 dB, and above 85 dB respectively. The characteristics of 
the A, B and C weighting networks are shown in figure 2.23. A fourth network 
designated the D weighting, has been proposed specifically for aircraft noise 
measurements, but not yet incorporated into national standards. 
 
Figure 2.23: The Internationally Standardized Weighting Curves for Sound Level 
Meters. 
The A-weighting, B-weighting and C-weighting curves follow approximately the 40, 
70 and 100 dB equal loudness curves respectively. 
D weighting follows a special curve, which gives extra emphasis to the frequencies 
in the range 1 kHz to 10 kHz. This is normally used for aircraft noise measurements. 
An approximate calculation of the A-weighting as a function of frequency is given in 
equation 2.17. 
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The A-weighting function is standardized in EN 60651. 
However, it has become general practice to use the A weighting network as well as 
the overall (linear) response. The overall level is recorded as X dB, and the A 
weighted as Y dB (A). Occasionally the overall linear level is recorded as Z dB (lin). 
Frequency weighted sound levels cannot normally be combined, even on a ratio 
basis, unless the frequency content of the two noise sources is similar. 
Often the weighted sound pressure level values are expressed as: 
Overall SPL (A weighted) =LA 
Overall SPL (B weighted) =LB 
Overall SPL (C weighted) =LC 
2.1.13 Directivity of Sound 
Sound sources rarely radiate equally in all directions; at the best point source may be 
situated on a flat surface such as the ground or the floor of a room. It is necessary to 
introduce a directivity factor (Q, defined as the ratio of the sound intensity in a given 
direction to the sound intensity at the same distance from the source averaged 
overall) into the basic formula, as follows: 
Sound power level;  
PWL=SPL+10log Q
r
24pi
                                                                                        (2.18) 
A complex source is likely to have its own directivity factor, but the following 
directivity factors apply to simple sources in the circumstances given: 
Free space, spherical radiation, Q=1 
Center of flat surface, hemispherical radiation Q=2 
Center of edge formed by junction of two adjacent flat surfaces, Q=3 
Corner formed by junction of three adjacent surfaces, Q=4 
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Table 2.2: Directivity Index 
 
If a sound source is close to a plane the radiation will be over a hemisphere as the 
sound source is reflected from the plane. With two reflecting planes the emission will 
be similar to a 1/2 hemisphere and with three reflecting planes to a 1/4 hemisphere. 
The sound pressure depends on the number of reflections and their magnitude. 
The sound has a directivity factor Q and a corresponding Directivity Index (dB). 
2.1.14 Basic Frequency Analysis of Sound 
2.1.14.1 Wavelength and Frequency 
A periodic wave can be characterized by its wavelength and its frequency. The 
wavelength of a wave is literally the length of one wave. It is the distance between 
one point on the wave and the nearest point where the wave repeats itself. The 
symbol for wavelength is λ [3]. 
 
Figure 2.24: Wavelength Concept 
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The frequency and wavelength are related to one another and to the speed of the 
wave by the following formula: 
fc λ=                                                                                                                     (2.19) 
If the speed of a wave is a constant (as it is in a single given medium), then waves 
with a larger frequency will have smaller wavelength, and waves with a smaller 
frequency will have a larger wavelength. 
If a wave passes from one medium (where the wave speed is c1) into another 
medium, which has a higher, wave speed, c2; the frequency of the wave stays the 
same. Because the wave speed has increased, the wavelength must also increase to 
satisfy the relation, fc λ= . 
 
Figure 2.25: The Relation between Wavelength and Frequency 
2.1.14.2 Diffraction of Sound 
 
Figure 2.26: Sound Diffraction 
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Objects placed in a sound field may cause diffraction, but the size of the obstruction 
should be compared to the wavelength of the sound field to estimate the amount of 
diffraction. If the obstruction is smaller than the wavelength, the obstruction is 
negligible. If the obstruction is larger than the wavelength, the effect is noticeable as 
a shadowing effect. 
2.1.14.3 Diffusion of Sound 
 
Figure 2.27: Sound Diffusion 
Diffusion occurs when sound passes through holes in e.g. a wall. If the holes are 
small compared to the wavelength of the sound, the sound passing will re-radiate in 
an omni directional pattern similar to the original sound source. When the hole has 
larger dimensions than the wavelength of the sound, the sound will pass through with 
negligible disturbance. 
2.1.14.4 Reflection of Sound 
 
Figure 2.28: Sound Reflection 
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Reflections take place when sound hits obstructions large in size compared to its 
wavelength. All the reflected sound will have equal energy compared to the 
incoming sound, if the obstruction has very little absorption. This is one of the 
important design principles used when constructing reverberant rooms. When almost 
all reflected energy is lost due to high absorption in the reflecting surfaces, anechoic 
room basic conditions will be satisfied. 
2.1.14.5 Waveforms and Frequencies 
 
Figure 2.29: Different Waveforms 
For the relationship between the waveform of a signal in the time axis compared to 
its spectrum in the frequency axis, three simple examples are given above. 
In the top figure a sine wave of large amplitude and wavelength is showing up as a 
single frequency with a high level at a low frequency. 
In the middle figure a low amplitude signal with small wavelength is seen to show up 
in the frequency domain as a high frequency with a low level. 
At the bottom figure it is shown how a sum of the two signals above also in the 
frequency domain shows up as a sum. 
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2.1.14.6 Typical Sound and Noise Signals 
 
Figure 2.30: Signal Examples 
Most natural sound signals are complex in shape. The primary result of a frequency 
analysis is to show that the signal is composed of a number of discrete frequencies at 
individual levels present simultaneously. 
The number of discrete frequencies displayed is a function of the accuracy of the 
frequency analysis, which normally can be defined by the user. 
2.1.15 Sound Absorption 
The various processes and devices by means of which the organized motion of sound 
is converted into the disorganized motion of heat are of major importance to the 
engineering acoustician. They are exploited in many noise control systems including 
passenger vehicle trim, duct attenuators for industrial plant and building services, 
lightweight double walls in buildings, and in noise control enclosures for machinery 
and plant. They are used to reduce undesirable sound propagation in offices and to 
control reverberant noise, which exacerbates the hearing damage risk in industrial 
workspaces, and is frequently encountered and unpleasant feature of apartment 
stairways, canteens and swimming pools, among others. Sound absorbers may be 
used to control response of artistic performance spaces to steady and transient sound 
sources, thereby affecting the character of the aural environment, the intelligibility of 
unreinforced speech and the quality of unreinforced musical sound. Sound absorption 
by porous ground surfaces provides substantial and welcome attenuation of road and 
rail traffic noise [1]. 
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All building materials have some acoustical properties in that they will all absorb, 
reflect or transmit sound striking them. Conventionally speaking, acoustical materials 
are those materials designed and used for the purpose of absorbing sound that might 
otherwise be reflected. 
Sound absorption is defined, as the incident sound that strikes a material that is not 
reflected back. An open window is an excellent absorber since the sounds passing 
through the open window are not reflected back but makes a poor sound barrier. 
Painted concrete block is a good sound barrier but will reflect about 97% if the 
incident sound striking it. 
Sound absorption is defined, as the incident sound that strikes a material that is not 
reflected back. An open window is an excellent absorber since the sounds passing 
through the open window are not reflected back but makes a poor sound barrier. 
Painted concrete block is a good sound barrier but will reflect about 97% if the 
incident sound striking it. 
When a sound wave strikes an acoustical material the sound wave causes the fibers 
or particle makeup of the absorbing material to vibrate. This vibration causes tiny 
amounts of heat due to the friction and thus sound absorption is accomplished by 
way of energy to heat conversion. The more fibrous a material is the better the 
absorption; conversely denser materials are less absorptive. The sound absorbing 
characteristics of acoustical materials vary significantly with frequency. In general 
low frequency sounds are very difficult to absorb because of their long wavelength. 
On the other hand, people are less susceptible to low frequency sounds, which can be 
to our benefit in many cases. 
 
Figure 2.31: Reflecting and Transmitting 
 34
For the vast majority of conventional acoustical materials, the material thickness has 
the greatest impact on the material's sound absorbing qualities. While the inherent 
composition of the acoustical material determines the material's acoustical 
performance, other factors can be brought to bear to improve or influence the 
acoustical performance. Incorporating an air space behind an acoustical ceiling or 
wall panel often serves to improve low frequency performance. 
2.1.16 Sound Absorbers 
2.1.16.1 Helmholtz Resonators 
Helmholtz resonator consists of a rigid-walled cavity, of volume V with a neck of 
area S and length L. The open end of the neck radiates sound, providing radiation 
resistance and a radiation mass. The fluid in the neck, moving as a unit, provides 
another mass element and thermo viscous losses at the neck walls provide additional 
resistance. The compression of the fluid in the cavity provides stiffness [3]. 
 
Figure 2.32: Helmholtz Resonator 
A Helmholtz resonator or Helmholtz oscillator is a container of gas (usually air) with 
an open hole (or neck or port). A volume of air in and near the open hole vibrates 
because of the 'springiness' of the air inside. A common example is an empty bottle: 
the air inside vibrates when you blow across the top. 
Helmholtz resonance frequency is given by: 
VL
Scf
pi2
=                                                                                                          (2.20) 
c: speed of sound. 
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2.1.16.2 Panel Absorbers 
Panel absorbers are yet another form of resonant oscillating mass-spring systems. A 
panel absorber consists of a flat panel made of wood, metal, gypsum board, or plastic 
material that is arranged in front of an enclosed air volume. The air volume is partly 
or completely filled with mineral wool or foam. Such a system has several resonance 
frequencies that can be excited by airborne sound. 
 
Figure 2.33: Typical Panel Absorber 
Low frequency, resonant sound absorbers may also be constructed by mounting thin 
panels of impermeable material, such as plywood or aluminum, on frames that 
separate them from a rigid supporting surface. The fundamental resonance frequency 
is determined by the mass per unit area of the sheet and the depth of the air layer, the 
stiffness of which usually greatly exceeds that of the thin panel. The most widely 
quoted formula for the resonance frequency is based upon stiffness per unit area 
given by: 
))(
2
1(
2
0
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md
cf ρ
pi
=                                                                                                (2.21) 
Where; 
m is the panel mass per unit area and d is the cavity depth.  
A calculation based upon the quality of time average kinetic energy of a simply 
supported square panel in its fundamental in vacuum mode and the corresponding 
potential energy of the contained fluid yields is frequency that is 80 % of that given 
above equation (2.21). 
The principle of optimization of absorption by matching the damping ratio of applies 
equally to this system as to the Helmholtz resonator. But, because typical panel 
dimensions are much larger than the mounts of resonators, radiation resistances are 
also much higher, and mechanical damping can be restricted to the optimal matching 
values. The greater the optimal damping causes the wider the useful absorption 
bandwidth [2]. 
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The higher-order vibrational modes of the panel do not provide such effective 
damping as the fundamental mode because their radiation resistances are far lower at 
their resonance frequencies due to volume velocity cancellation. Consequently, such 
absorbers exhibit a primary absorption peak. It is extremely difficult to predict the 
performance of panel absorbers because of uncertainty about mechanical damping 
ratios and also because the performance depends very much on acoustic modal 
property of enclosures in which they are installed. Ideally, they should be placed in 
regions of maximum sound pressure for greatest effectiveness. 
2.1.17 Filters 
 
Figure 2.34: The Signal Flow Chart in a Simple Sound Level Meter. 
To analyze a sound signal, frequency filters or a bank of filters are used. If the 
bandwidths of these filters are small a highly accuracy analysis is achieved. 
The signal flow chart shown illustrates the elements in a simple sound level meter. 
On top, there is a microphone for signal pick up. Then a single frequency filter 
follows a gain amplification stage. After filtering follows a rectifier with the 
standardized time constants fast, slow and impulse and the signal level is finally 
converted to dB and shown on the display. 
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2.1.17.1 Band Pass Filters and Bandwidth 
 
Figure 2.35: Band Pass Filters and Bandwidth 
Ideal filters are only a mathematical abstraction. In real life, filters do not have a flat 
top and vertical sides. The departure from the idealized flat top is described as an 
amount of ripple. The bandwidth of the filter is described as the difference between 
the frequencies where the level has dropped 3 dB in level corresponding to 0.707 in 
absolute measures. 
It is useful to define a noise bandwidth for a filter. This corresponds to an ideal filter 
of the same level as the real filter, but with its bandwidth (Noise Bandwidth) set to 
leave the two filters with the same “area”. 
2.1.17.2 Filter Types and Frequency Scales 
 
Figure 2.36: Filter Types of Frequency 
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Filters that displayed using a linear frequency scale and have the same bandwidth 
e.g. 400 Hz. This is a result of a (FFT) Fast Fourier Transform analysis. Constant 
bandwidth filters are mainly used in connection with analysis of vibration signals. 
Filters, are normally displayed on a logarithmic frequency scale, all have the same 
constant percentage bandwidth (CPB filters) e.g.1/1 octave. Sometimes these filters 
are also called relative bandwidth filters. Analysis with CPB filters (and logarithmic 
scales) is almost always used in connection with acoustic measurements, because it 
gives a fairly close approximation to how the human ear responds. 
2.1.17.3 1/1 and 1/3 Octave Filters 
The widest octave filter used has a bandwidth of 1 octave. However, many 
subdivisions into smaller bandwidths are often used. 
 
Figure 2.37: (a) 1/1 Octave Filter (b) 1/3 Octave Filter 
The filters are often labeled as “Constant Percentage Bandwidth” filters. A 1/1-
octave filter has a bandwidth of close to 70 % of its center frequency. 
As shown in the figure 2.32; for 1/1 octave filters: 
12 2xff =
                                                                                                                (2.22) 
And bandwidth: 
B= %707,0 0 ≈xf                                                                                                    (2.23) 
And for 1/3 octave filters: 
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3
2 25,12 xfxff ==
                                                                                              (2.24) 
And bandwidth: 
B= %2323,0 0 ≈xf                                                                                                  (2.25) 
The most popular filters are perhaps those with 1/3-octave bandwidths. One 
advantage is that this bandwidth at frequencies above 500 Hz corresponds well to the 
frequency selectivity of the human auditory system.  
Filter bandwidths down to 1/96 octave have been realized. 
2.1.17.4 3 × 1/3 Oct. = 1/1 Octave Filters 
One advantage of constant percentage bandwidth filters is that e.g. two neighboring 
filters combine to one filter with flattop, but with doubles the width. 
Three 1/3 octave filters combine to equal one 1/1-octave filter. 
 
Figure 2.38: Third-Octave and Octave Pass band 
Table 2.3: List of Band No., Nominal Center Frequency, Third-octave Pass band and 
Octave Pass band. 
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2.2 Fundamentals of Vibrations 
Vibration can be considered to be the oscillation or repetitive motion of an object 
around an equilibrium position. The equilibrium position is the position the object 
will attain when the force acting on it is zero. This type of vibration is called "whole 
body motion", meaning that all parts of the body are moving together in the same 
direction at any point in time [4]. 
The vibratory motion of a whole body can be completely described as a combination 
of individual motions of six different types. These are translation in the three 
orthogonal directions x, y, and z, and rotation around the x, y, and z-axes. Any 
complex motion the body may have can be broken down into a combination of these 
six motions. Such a body is therefore said to possess six degrees of freedom. For 
instance, a ship can move in the fore and aft direction (surge), up and down direction 
(heave), and port and starboard direction (sway), and it can rotate lengthwise (roll), 
rotate around the vertical axis (yaw), and rotate about the port-starboard axis (pitch).  
An excitation force always causes the vibration of an object. This force may be 
externally applied to the object, or it may originate inside the object. It will be seen 
later that the rate (frequency) and magnitude of the vibration of a given object is 
completely determined by the excitation force, direction, and frequency. This is the 
reason that vibration analysis can determine the excitation forces at work in a 
machine. These forces are dependent upon the machine condition, and knowledge of 
their characteristics and interactions allows one to diagnose a machine problem. 
The factors that determine movement or vibration are: 
• Size of the spring. 
• Size of the weight. 
• Amount of force pulling on the weight starting it in motion. 
The model consisting of the suspended weight and spring is called the vibrating 
system. For example: 
A vibrating system in a vehicle is the suspension. 
•  The spring on the vehicle is similar to the spring on the model. 
•  The weight of the vehicle is similar to the weight on the model. 
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• Bumps in the road are the external or vibrating forces that start the vehicle into 
motion. 
If the shock absorbers are removed, a vehicle will move or vibrate in a similar 
manner to the weight and spring model. 
 
Figure 2.39: Importance of springs in Terms of Vibrating Force 
2.2.1 Types of Vibration 
Free vibration occurs when a mechanical system is set off with an initial input and 
then allowed to vibrate freely. Examples of this type of vibration are pulling a child 
back on a swing and then letting go or hitting a tuning fork and letting it ring. The 
mechanical system will then vibrate at one or more of its natural frequencies and 
damp down to zero. 
Forced vibration is when an alternating force or motion is applied to a mechanical 
system. Examples of this type of vibration include a shaking washing machining due 
to an imbalance, transportation vibration (caused by truck engine, springs, road, etc), 
or the vibration of a building during an earthquake. In forced vibration the frequency 
of the vibration is the frequency of the force or motion applied, but the magnitude of 
the vibration is strongly dependent on the mechanical system itself [21]. 
2.2.2 Vibration Analysis 
The fundamentals of vibration analysis can be understood by studying the simple 
mass-spring-damper model. Indeed, even a complex structure such as an automobile 
body can be modeled as a summation of simple mass-spring-damper models. The 
mass-spring-damper model is an example of a simple harmonic oscillator and hence 
the mathematics used to describe its behavior is identical to other simple harmonic 
oscillators such as the RLC circuit. 
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A mass damper is an extra weight attached to a resonance system to lower its natural 
frequency. It does two things: 
• Moves the vibration or noise outside the normal operating speed range 
• Reduces the vibration level or sound pressure level 
 
Figure 2.40: Mass Damper Theory 
2.2.2.1 Free Vibration without Damping 
To start the investigation of the mass spring damper, it is assumed that the damping 
is negligible and that there is no external force applied to the mass. 
The force applied to the mass by the spring is proportional to the amount the spring 
is stretched "x" (it is assumed that the spring is already compressed due to the weight 
of the mass). The proportionality constant, k, is the stiffness of the spring and has 
units of force/distance (e.g. lbf/in or N/m) [21]. 
 
Figure 2.41: Simple Spring - Mass Model 
kxFs −=                                                                                                                (2.26) 
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The force generated by the mass is proportional to the acceleration of the mass as 
given by Newton’s second law of motion. 
2
2
..
dt
xd
mxmmaF ===∑                                                                                       (2.27) 
The sum of the forces on the mass then generates this ordinary differential equation: 
0
..
=+ kxxm                                                                                                             (2.28) 
If it is assumed that the system starts to vibrate by stretching the spring by the 
distance of A and letting go, the solution to the above equation that describes the 
motion of the mass is: 
)2cos()( tfAtx npi=                                                                                                 (2.29) 
This solution says that it will oscillate with simple harmonic motion that has an 
amplitude of A and a frequency of fn, which is one of the most important quantities 
in vibration analysis and is called the undamped natural frequency. 
fn is defined for the simple mass-spring system as: 
m
kfn pi2
1
=
                                                                                                         (2.30) 
2.2.2.2 Free Vibration with Damping 
When adding a viscous damper to the model that outputs a force that is proportional 
to the velocity of the mass. The damping is called viscous because it models the 
effects of an object in a fluid. The proportionality constant c is called the damping 
coefficient and has units of Force over velocity (lbf s/ in or N s/m) [20]. 
 
Figure 2.42: Simple Spring - Mass – Damper Model 
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dt
dx
cxccvFd −=−=−=
.
                                                                                        (2.31) 
By summing the forces on the mass the following ordinary differential equation can 
be got: 
0
...
=++ kxxcxm                                                                                                      (2.32) 
The solution to this equation depends on the amount of damping. If the damping is 
small enough the system will still vibrate, but will stop vibrating over time. This case 
is called under damping--the case of most interest in vibration analysis. If the 
damping is increased just to the point where the system no longer oscillates, the point 
of critical damping (if the damping is increased past critical damping the system is 
called over damped) can be reached. The value that the damping coefficient needs to 
reach for critical damping in the mass spring damper model is: 
kmcc 2=                                                                                                             (2.33) 
To characterize the amount of damping in a system a ratio called the damping ratio 
(also known as damping factor and % critical damping) is used. This damping ratio is 
just a ratio of the actual damping over the amount of damping required to reach 
critical damping. The formula for the damping ratio (ζ) of the mass spring damper 
model is: 
km
c
2
=ξ                                                                                                              (2.34) 
For example, metal structures (e.g. airplane fuselage, engine crankshaft) will have 
damping factors less than 0.05 while automotive suspensions in the range of 0.2-0.3. 
The solution to the under damped system for the mass spring damper model is the 
following: 
)1cos()( 2 φξξ −−= − twXetx ntwn , nn fw pi2=                                                       (2.35) 
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The value of X, the initial magnitude, and φ, the phase shift, are determined by the 
amount the spring is stretched. The formulas for these values can be found in the 
references. 
The major points to note from the solution are the exponential term and the cosine 
function. The exponential term defines how quickly the system “damps” down – the 
larger the damping ratio, the quicker it damps to zero. The cosine function is the 
oscillating portion of the solution, but the frequency of the oscillations is different 
from the undamped case. 
The frequency in this case is called the damped natural frequency, fd, and is related to 
the undamped natural frequency by the following formula: 
nd ff 21 ξ−=                                                                                                       (2.36) 
The damped natural frequency is less than the undamped natural frequency, but for 
many practical cases the damping ratio is relatively small and hence the difference is 
negligible. Therefore the damped and undamped description is often dropped when 
stating the natural frequency (e.g. with 0.1 damping ratio, the damped natural 
frequency is only 1% less than the undamped). 
A damper is used to continuously decrease the velocity and the resulting energy of a 
mass undergoing oscillatory motion. 
The damping force is also proportional to the velocity of the body and, as it is 
applied, it opposes the motion at each instant. 
Free vibration refers to the vibration of a damped (as well as undamped) system of 
masses with motion entirely influenced by their potential energy. Forced vibration 
occurs when motion is sustained or driven by an applied periodic force in either 
damped or undamped systems. The following sections discuss free and forced 
vibration for both damped and undamped systems. 
The plots to the side present how 0.1 and 0.3 damping ratios effect how the system 
will “ring” down over time. What is often done in practice is to experimentally 
measure the free vibration after an impact (for example by a hammer) and then 
determine the natural frequency of the system by measuring the rate of oscillation 
and the damping ratio by measuring the rate of decay. The natural frequency and 
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damping ratio are not only important in free vibration, but also characterize how a 
system will behave under forced vibration [10]. 
 
Figure 2.43: Free Vibration with Different Damping Ratios 
2.2.2.3 Forced Vibration with Damping 
The behavior of the spring mass damper model would be introduced when a 
harmonic force is added in the form below. A force of this type would, for example, 
be generated by a rotating imbalance. 
)2cos(0 ftFF pi=                                                                                                    (2.37) 
When the forces on the mass summed the following ordinary differential equation 
can be got: 
)2cos(0 ftFkxxcxm pi=++ &&&                                                                                    (2.38) 
The steady state solution of this problem can be written as: 
)2cos()( φpi −= ftXtx                                                                                             (2.39) 
The result states that the mass will oscillate at the same frequency, f, of the applied 
force, but with a phase shift φ. 
The amplitude of the vibration “X” is defined by the following formula. 
222
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FX ξ+−=                                                                                    (2.40) 
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Where; 
r is defined as the ratio of the harmonic force frequency over the undamped natural 
frequency of the mass-spring-damper model. 
nf
fX =                                                                                                                   (2.41) 
The phase shift, φ, is defined by following formula. 
)
1
2
arctan( 2
r
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−
=
ξφ                                                                                                   (2.42) 
 
Figure 2.44: Amplitude and Phase with Different Damping Ratios 
The plot of these functions, called the frequency response of the system, presents one 
of the most important features in forced vibration. In a lightly damped system when 
the forcing frequency nears the natural frequency the amplitude of the vibration can 
get extremely high. This phenomenon is called resonance (subsequently the natural 
frequency of a system is often referred to as the resonant frequency). In rotor bearing 
systems the resonant frequency is referred to as the critical speed [11]. 
If resonance occurs in a mechanical system it can be very harmful-- leading to 
eventual failure of the system. Consequently one of the major reasons for vibration 
analysis is to predict when resonance may occur and to determine what steps to take 
to prevent it from occurring. As the amplitude plot shows, adding damping can 
significantly reduce the magnitude of the vibration. Also, the magnitude can be 
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reduced if the natural frequency can be shifted away from the forcing frequency by 
changing the stiffness or mass of the system. If the system cannot be changed, 
perhaps the forcing frequency can be shifted (for example, changing the speed of the 
machine generating the force). 
The following are some other points in regards to the forced vibration shown in the 
frequency response plots. 
• At a given frequency ratio, the amplitude of the vibration, X, is directly 
proportional to the amplitude of the force F0 (e.g. If you double the force, the 
vibration doubles). 
• With little or no damping, the vibration is in phase with the forcing frequency when 
the frequency ratio r < 1 and 180 degrees out of phase when the frequency ratio r >1. 
• When r<<1 the amplitude is just the deflection of the spring under the static force 
F0. This deflection is called the static deflection δst. Hence, when r<<1 the effects of 
the damper and the mass are minimal.  
• When r>>1 the amplitude of the vibration is actually less than the static deflection 
δst. In this region the force generated by the mass (F=ma) is dominating because the 
acceleration can be seen by the mass increases with the frequency. Since the 
deflection seen in the spring, X, is reduced in this region, the force transmitted by the 
spring (F=kx) to the base is reduced. Therefore the mass-spring-damper system is 
isolating the harmonic force from the mounting base—referred to as vibration 
isolation. Interestingly, more damping actually reduces the effects of vibration 
isolation when r>>1 because the damping force (F=cv) is also transmitted to the 
base.  
2.2.3 Frequency Response Model 
The solution of a vibration problem as an input/output relation where the force is the 
input and the output is the vibration can be viewed. When the force and vibration are 
represented in the frequency domain (magnitude and phase) the following relation 
can be written: 
)(*)()( wFwHwX =  or )(
)()(
wF
wX
wH =                                                               (2.43) 
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H (ω) is called the frequency response function (also referred to the transfer function, 
but not technically as accurate) and has both a magnitude and phase component (if 
represented as a complex number, a real and imaginary component). The magnitude 
of the frequency response function (FRF) was presented earlier for the mass-spring-
damper system. 
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The phase of the FRF was also presented earlier as: 
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=∠ ξ                                                                                         (2.45) 
For example, for the FRF for a mass-spring-damper system with a mass of 1 kg, 
spring stiffness of 1.93 N/mm and a damping ratio of 0.1. The values of the spring 
and mass give a natural frequency of 7 Hz for this specific system. When applying 
the 1 Hz square wave from earlier the predicted vibration of the mass can be 
calculated. The figure illustrates the resulting vibration. It happens in this example 
that the fourth harmonic of the square wave falls at 7 Hz. The frequency response of 
the mass spring damper therefore outputs a high 7 Hz vibration even though the input 
force had a relatively low 7 Hz harmonic. This example highlights that the resulting 
vibration is dependent on both the forcing function and the system that the force is 
applied. 
The figure also shows the time domain representation of the resulting vibration. This 
is done by performing an inverse Fourier Transform that converts frequency domain 
data to time domain. In practice, this is rarely done because the frequency spectrum 
provides all the necessary information. 
)()()( wXwxHwF =
                                                                                             (2.46) 
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Figure 2.45: Frequency Response Model 
The frequency response function (FRF) does not necessarily have to be calculated 
from the knowledge of the mass, damping, and stiffness of the system, but can be 
measured experimentally. For example, if you apply a known force and sweep the 
frequency and then measure the resulting vibration you can then calculate the 
frequency response function, and hence characterize the system. This technique is 
used in the field of experimental modal analysis to determine the vibration 
characteristics of a structure [8]. 
2.2.4 Cycles 
Cycle comes from the word circle. The travel of the weight on either side of the 
resting position is half of a circle. 
 
Figure 2.46: Simple Periodic Cycle 
The distance the weight travels from either side of the resting position will be the 
same as long as the vibrating force remains constant. 
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A=B                                                                                                                       (2.47) 
An example of frequency or cycle is rotating a crankshaft 360° starting at TDC. This 
movement is one revolution. The speed of an engine is measured by counting these 
revolutions in one minute (RPM). 
Rotating the crankshaft from TDC through 360° and back to TDC is also one cycle 
of the crankshaft. As defined above the crankshaft starts at a specific point travels in 
a circle and returns to the same point. 
2.2.5 Signals 
Basically a distinction between Stationary Signals and Non-stationary Signals has to 
be made. Stationary Signals can again be divided into Deterministic Signals and 
Random Signals, and Non-stationary Signals into Continuous and Transient signals. 
Stationary deterministic signals are made up entirely of sinusoidal components at 
discrete frequencies. Random signals are characterized by being signals where the 
instantaneous value cannot be predicted, but where the values can be characterized 
by a certain probability density function. Random signals have a frequency spectrum, 
which is continuously distributed with frequency. 
The continuous non-stationary signal has some similarities with both transient and 
stationary signals. During analysis continuous non-stationary signals should normally 
be treated as random signals or separated into the individual transient and treated as 
transients. 
Transient signals are defined as signals, which commence and finish at a constant 
level, normally zero, within the analysis time [9]. 
 
Figure 2.47: Different Signal Samples 
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2.2.5.1 Deterministic Signals 
The vibration signal from a gearbox could look like the one shown here. In the 
frequency domain this signal will give rise to a number of separate peaks (discrete 
frequency components) which through knowledge of the number of teeth on the 
gearwheels and their speed can be related back to particular parts of the system. The 
signal here is called deterministic, since the instantaneous value of the signal is 
predictable at all points in time. 
 
Figure 2.48: Deterministic Signals 
2.2.5.2 Vibration Signals 
The motion of a mechanical system can consist of a single component at a single 
frequency as with the system described in one of the previous examples; (a tuning 
fork is another example) or it can consist of several components occurring at 
different frequencies simultaneously, as for example with the piston motion of an 
internal combustion engine. 
The motion signal is here split up into its separate components both in the time 
domain and in the frequency domain. 
 
Figure 2.49: Vibration Signals 
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2.2.5.3 Harmonics 
Many non-sinusoidal signals can be separated into a number of harmonically related 
sinusoids. Two examples are given. The harmonic components are always referred to 
the fundamental frequency to which they are related. 
 
Figure 2.50: Harmonics 
2.2.5.4 Random Signals 
A typical example of random vibration is that caused by fluid flow. Random signals 
have no periodic and harmonically related components. Totally random movements 
characterize them, so that their instantaneous value cannot be predicted. Random 
vibration can, however, be described by its statistical properties. Stationary random 
signals have a frequency spectrum, which is no longer concentrated at discrete 
frequencies, but distributed continuously with frequency. 
 
Figure 2.51: Random Signals 
2.2.5.5 Shock Signals 
Mechanical shock is a short burst of vibratory energy. If the shock is infinitely short 
it will also have a frequency spectrum, which is distributed continuously with 
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frequency. Since a shock will always have a finite length its frequency spectrum will 
be limited to a band of frequencies. 
 
Figure 2.52: Shock Signals 
2.2.6 Signal Level Descriptors 
The level of vibration signal can be described in different ways. Peak and peak-to-
peak values are often used to describe the level of a vibration signal since they 
indicate the maximum excursion from equilibrium position. The RMS (Root Mean 
Square) level is a very good descriptor, since it is a measure of the energy content of 
the vibration signal. 
 
Figure 2.53: Signal Level Descriptors 
2.2.7 Time Signal Descriptors 
These descriptors are not only used in conjunction with a single sinusoidal signal but 
also with normal machine vibration signals, which are composed of many sinusoidal 
vibration components. 
 
Figure 2.54: Time Signal Descriptors 
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2.3 Fundamentals of Vehicle NVH 
This chapter describes vehicle NVH (noise, vibration and harshness) phenomena. 
"Harshness" is defined as a "combination of noise and vibration above 25 Hz, which 
results in a hard-tire sensation. 
Any noise and / or vibration problem has an excitation (input) source, a transmission 
path, and a responding system. Major NVH excitation sources are its engine, wheels 
and tires, accessories, road irregularities, and the wind.  
These noise and vibration disturbances enter the passenger compartment through the 
suspension, the powertrain, and the body structure subsystems, often-undergoing 
amplification during their journey. Though the "noise" that one "hears" is always 
airborne (reaches the ear through the medium of air), depending on the paths that the 
vibrational energy takes before reaching the ear, the noise is classified as air-borne or 
structure-borne. If the vibration source excites the connecting structure, which in turn 
excites the surrounding air, then the result is structure-borne noise. On the other 
hand, if the vibrating source directly excites the air, then the result is air-borne noise.  
The boundary fluctuations of an object, rather than the motion of its center of mass 
generate airborne noise. Structure-borne noise, on the other hand, is strongly 
dependent on the motion of the center of mass of a source as the primary mode of 
excitation. Thus, an object with little or no airborne noise may become a major noise 
source when installed in a structure. For example, at low frequencies, an automobile 
engine is not a significant source of air-borne noise, but it is a significant source of 
structure-borne noise. It is usually true that the two types of excitation are mutually 
exclusive and that addressing solution to one form of noise generation does not have 
much effect on the other [21]. 
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The final manifestation of NVH problems in automobiles typically occurs in the 
steering column and seat as tactile vibration, at the driver's and passengers' ears as 
noise, and at the rear view mirror as visual vibration. Above approximately 150 Hz, 
tactile vibrations are insignificant. Below about 400 Hz, interior noise is 
predominantly due to structure-borne mechanisms, and above 400 Hz, airborne noise 
tends to dominate. As these figures show, NVH concerns involve categories of 
frequency range, source, vehicle operating conditions, etc. 
 
Figure 2.55: Vehicle NVH Phenomena and Control 
The sources of noise in a vehicle are many, including the engine, driveline, tire 
contact patch and road surface, brakes, and wind. Noise from cooling fans, or the 
HVAC, and alternators, is also fairly common. Many problems are generated as 
vibrations, transmitted via a variety of paths, and then radiated acoustically into the 
cabin. Others are generated acoustically, and this is then attenuated via various 
barriers until it excites the cabin. Vibrations are sensed at the steering wheel, the seat 
or the floor and pedals. Some problems are sensed visually - such as the vibration of 
the header rail or rear view mirror on open topped cars. 
2.3.1 Vehicle NVH Concerns 
This section describes typical vehicle NVH concerns. The customer experience of 
NVH involves two factors, the vehicle operating condition, such as braking, and 
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subjective aspects, such as squeal. The term "NVH aspect" describes a specific 
subjective concern such as shake or boom as it occurs under a specific operating 
condition. Table 2.4 describes the most important NVH aspects. The term "NVH 
attribute" refers to total NVH under a given operating condition; for example, the 
term "idle quality" describes the total NVH (vibration, boom, etc.) experience at idle. 
Table 2.4: A List of NVH Aspects 
NVH Aspect Description 
Boom Low-frequency sound 20-100 Hz 
Chuckle Low-pitched rattle 
Clunk Low- to mid-frequency transient noise 
Drone Large-amplitude pure tone in the region 100-200 Hz 
Drumming Boom 
Engine 
Presence 
Noise that sounds like an engine 
Engine 
Presence 
Modulated low- to mid-frequency broadband noise 100 Hz-1 kHz 
Growl Modulated low- to mid-frequency broadband noise 100 Hz-1 kHz 
Groan 
Transient broadband noise with noticeable time variation and tone 
content, 50-250 Hz 
Impact Boom 
Transient low-frequency noise with strong tonal component 20-100 
Hz 
Moan Transient pure tone in 80-200 Hz 
Rattle Random transient noises 
Squeak High-pitched broadband transient noise 
Squeal Transient high-frequency noise 
Tick and 
Hash 
Miscellaneous noises such as belt noise 
Whine 
Mid- to high-frequency pure tone (possibly with harmonics), 200 
Hz-2 kHz 
Whistle 
High-pitched sound (> 500 Hz) with a very narrow frequency band, 
but notice able absence of a pure tone 
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Table 2.5 lists important vehicle operating conditions with examples of typical NVH 
concerns (subjective responses, also called aspects), under those conditions. 
Table 2.5: Important Vehicle Operating Conditions 
Operating 
Condition 
Typical Concern 
Idle Shake and boom 
Lugging Shake and boom due to engine torque 
WOT Shake and boom due to engine torque 
Cruise (Smooth 
Road) 
Shake, roughness, and boom due to tire and powertrain 
imbalance, tire force variation, wind noise, tire noise 
Cruise (Rough 
Road) 
Road noise and shake, impact boom 
Tip-in Moan due to powertrain bending 
Braking Squeal due to brake stick or slip 
2.3.1.1 Super Aspects 
Generally NVH aspects have specific frequency ranges, and the term "super aspect" 
applies to important aspects, such as boom and shake, that occur under several 
operating conditions. This grouping is particularly useful because the same areas of 
the body structure control, or almost control, the aspect independent of the operating 
condition. For example, the steering column structure controls steering column 
shake, whether input comes from the powertrain, the road, or a tire-road-wheel 
combination. It follows that body design for NVH must deal simultaneously with all 
the different manifestations of a super aspect. Column, mid-car (seat) and front end 
are generally subdivisions of shake [9]. 
2.3.1.2 Super Attributes 
The path of forces into the body depends very strongly on the source. It is therefore 
helpful to group NVH issues by the operating conditions related to specific sources. 
The resulting groupings are called "super attributes." The most important super 
attributes are: Powertrain NVH Primarily NVH at idle, lugging, wide-open throttle 
(WOT), and tip-in. It also includes some smooth road effects.  
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Road NVH Primarily NVH when vehicle is cruising on rough or smooth roads, or 
when it is braking. Includes tar strip impact NVH, tire imbalance and run-out effects. 
Road NVH is also called "body/chassis NVH." 
2.3.1.3 Component NVH and Airborne Noise 
In certain cases an individual component causes or controls an aspect or group of 
aspects under various operating conditions, as for example: Axle Noise Exhaust (Tail 
Pipe) Noise Front End Accessory Drive (FEAD) Noise (Alternator, etc.) Fan Noise 
Fuel Pump Noise Gear Noise or Rattle Induction Noise Wind Noise. 
2.3.2 Some Common NVH Problems and Their Mechanisms 
Problems primarily associated with FWD cars are engine shake, idle shake, and 
powertrain boom. Problems primarily associated with RWD cars are body shake and 
driveline boom. Problems common to both FWD and RWD cars are rough idle, high-
speed shake, steering column shake, nibble, harshness, road boom, and powertrain 
presence. 
2.3.3 NVH Test Equipment 
NVH test equipment consists of analyzers, shakers and controllers, accelerometers, 
noise dosimeters, octave band filters, transducers for vibration and acoustics, 
dynamometers, sound level meters, microphones, and analysis software. 
With technology changing everyday, focus is shifting more toward the development 
of PC based analyzers, multi-channel NVH data acquisition systems, acoustic 
holography devices, laser vibrometers, and anechoic test cells. 
NVH test equipment is used for various applications such as: 
• Engine noise vibration testing 
• Acoustic performance testing 
• Sound power testing 
• Pass by noise testing 
• Telephone testing 
• Environmental noise measurements and noise field mapping 
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• Structural dynamics and vibration testing 
• Occupational health and safety 
2.3.4 NVH Attributes 
The term attribute refers to the total NVH for a given operating condition. For 
example, the term idle quality is used to describe the total NVH (vibration, boom, 
etc.) experienced at idle. 
Masking is a very important issue when setting targets for the individual aspects of 
an attribute. Consider, for example, NVH quality at high-speed cruise on a smooth 
road. A high level of powertrain-related noise may mask wind noise. If the 
powertrain-related noise is reduced, then the wind noise will be unmasked, and may 
actually prove more annoying than the powertrain noise, which previously masked it. 
2.3.5 Airborne NVH 
The term airborne noise refers to noise generated by air pressure acting on the 
exterior of the vehicle body. Airborne noise which, does not result from forces, 
reaches the body via mechanical routes, is mostly controlled by sound package and 
seals [12]. 
 
Figure 2.56: Multiple Sources Contributing to Vehicle Interior NVH 
This section summarizes the concepts used to describe and analyze the major 
categories of airborne noise: 
For airborne contribution analysis: 
Contribution= Forcing function x Transfer function                                             (2.51) 
 61
Where;  
Forcing function = Volume Velocity, Q [m/s3] 
Transfer Function = ATF [Pa/m/s3] 
The principal difficulty of air-borne contribution analysis is the derivation of the 
volume velocity. 
2.3.5.1 Powertrain Noise 
Powertrain NVH covers all of the noise and vibration generation mechanisms on the 
power unit/gearbox through to the final drive ratio to the wheels. The forces 
generated by the rotating parts of the engine and due to combustion are radiated from 
the power unit, most dominantly from the engine mounts and sub-frame attachments. 
    
Figure 2.57: Power Unit and Gearbox Attachment Points and Powertrain System 
Components 
Powertrain noise is noise that enters the passenger compartment after being radiated 
by the powertrain.  
Table 2.6: Varieties of Powertrain Noise 
Axle Noise Present only in rear-wheel-drive vehicles; 400 to 600 Hz range 
Engine Noise Engine radiated noise in the 350 Hz to 10 kHz range 
Engine Presence 
Noise that gives the impression that the engine is present in the 
passenger compartment 
Exhaust Noise Mainly tail pipe noise in the 100 to 600 Hz range 
Gear Noise 
Noise caused by the meshing of gear teeth in the 300 to 1 ,500 
Hz range 
Gear Whine A low-Ievel tone in the 200 to 2,000 Hz range 
Induction Noise Air intake noise in the 100 to 600 Hz range 
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Powertrain NVH should be evaluated on smooth road surfaces such as specified in 
Vehicle NVH Test Procedures to isolate the presence of P/T NVH phenomena. Legal 
limits must be obeyed when evaluations are performed on public roads. Ratings 
should be provided for all numbered operating conditions listed and described below.  
The scope of excitation sources considered under P/T NVH evaluation include the 
engine and engine accessories, transmission, driveline, and induction/exhaust 
systems; power steering NVH is also evaluated in the idle condition.  Any engine 
idle instability (stumble, sag) should be evaluated under the "Drivability" Section. 
2.3.5.2 Wind Noise 
Wind Noise is noise caused by the passage of air past the vehicle and pressure 
differentials due to aerodynamic effects. Wind noise is also called aerodynamic 
noise, which is sometimes separated into the following categories: 
Table 2.7: Wind Noise Categories 
Wind rush Noise due to turbulent flow past the vehicle 
Moans, Howls and 
Whistles 
Periodic noise due to air flow past antennas and through 
holes 
Aspiration Noise 
Noise due to air flowing through seals due to interior-
exterior pressure differentials 
The wind noise affects the car in the wide frequency band, 800 – 5 KHz; the major 
sources are the corrugation of body surface, turbulence of passing air, and door 
insulation. 
Wind noise evaluations should be conducted at high speeds (or as instructed by the 
evaluation organizer) on a smooth surface such as specified in vehicle NVH test 
procedures. Legal limits must be obeyed when evaluations are performed on public 
roads. 
2.3.5.3. Engine Radiated Noise 
Internal combustion engine is one of the biggest excitation sources in the vehicle. 
Structure-borne noises radiated from the structure of engine can be split into two 
categories. First category can be referred as mechanical noise generated by the 
engine structure response to movements of components, such as cam shaft, valves, 
pistons, crankshaft etc. Second category comes from the engine structure response to 
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the gas pressure profile during combustion. The airborne noise radiated from the 
mentioned components is transferred in the air through the openness of the vehicle 
body to the vehicle interior and finally to the ear of driver and passenger. Other very 
important engine noise contribution comes from structure-borne excitations most 
dominantly through the engine and transmission mounts. Vibrations are damped up 
to a certain level by the rubber or the hydraulic engine mounts; however, the 
remaining portion of the force is transferred to the body and turned into sound 
pressure in the vehicle interior by the excitations of the vehicle panels and driveline 
components. Figure 2.53 briefly illustrates the structure-borne and airborne engine 
noise paths [13]. 
 
Figure 2.58 Structure-borne and Airborne Engine Noise Paths 
2.3.5.4 Intake System Radiated Noise 
The vehicle intake system performs the following main functions 
• Channel Air to Engine: Intake orifice is mostly placed in the main air stream, for 
example front of engine bay. The intension is to provide the suction air as cold as 
possible to increase volumetric efficiency. 
• Filter Particulates: The filter element needs to be large enough to filter required 
volume of the air.  
• Dynamic Performance Tuning: The length of the pipes, connecting the valve face to 
the plenum, is tuned to improve the engine breathing at the desired engine speed.  
• Reduce Noise: The air induction system should be tuned to the critical frequencies 
to have reduced radiated noise levels. 
The air filter box, which basically works as an expansion box covering a wide 
frequency range and a resonator, which is addressed to a specific frequency, provide 
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the attenuation of the air intake noise. Due to fact that air intake system is mounted 
on the body, the oscillations during air suction causes vibrations and excite the 
vehicle body. 
2.3.5.5 Exhaust System Radiated Noise 
Exhaust noise contribution to the overall vehicle interior noise happens in two ways. 
One is the airborne content, which is related to gas rush out of exhaust orifice; and 
also sound radiated by the vibrations of the exhaust muffler system. Secondly, 
portion comes from exhaust system vibrations as they are transferred to the vehicle 
body from the attachment points and builds up the structure-borne contribution. 
Therefore, the exhaust hangers have a significant importance in the isolation of the 
exhaust system vibrations before exciting the body. Following figures represent the 
intake and exhaust system components and noise transfer paths. 
 
Figure 2.59: Intake and Exhaust System Components 
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Figure 2.60: Intake and Exhaust System Noise Transfer Paths 
2.3.6 Structureborne NVH 
The vibration of solid structures generates a large proportion of noise. The 
mechanical energy involved has often been transmitted from remote mechanical or 
acoustical sources by means of audio-frequency vibrational waves propagating in 
connected structures. The associated phenomena and processes are collectively 
classified as “structure borne sound”. ‘Borne’ is meaning to ‘carry’. 
The audio-frequency range, bending waves in thin plates and shells have the lowest 
mechanical impedance of the structure borne wave family; they therefore tend to be 
the most strongly excited by vibrational forces. Per unit of energy density, they also 
impose the largest normal displacements on contiguous fluids. For these two reasons, 
acoustic interaction between fluids and structures tends to be dominated by flexural 
waves. However, structure borne sound transmission usually involves other wave 
types to a greater or lesser degree. 
The simultaneous processes of vibrational response to incident sound and radiation 
of sound from the other face this is distinguished from the indirect process involving 
wave transmission along structural wave-guides by being classified as ‘airborne’ 
sound transmission transmit airborne sound ‘directly’ through solid partitions. 
Structure borne sound transmission is a major factor in vehicle refinement 
engineering and it is generated by unsteady tire-road interaction, by engine and 
transmission line (power train) vibration and by exhaust system vibration. It tends to 
exceed airborne contribution to interior noise below about 400 Hz. 
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Figure 2.61: Mechanism of the Road Noise 
2.3.7 Order Analysis 
Vibrations that are multiples of other existing vibrations such as engine crank shaft 
rotation speed, gear mesh, firing frequency and etc. Engines generate multiple 
vibrations. A first order engine vibration is associated with the rotational force or 
torque. It is usually associated with imbalance or run out conditions such as in a 
flywheel, torque converter or harmonic balancer. 
The nth order rotation frequency of a rotating component can be calculated by: 
xs
RPMf n 60=                                                                                                        (2.52) 
Where; 
fn = the rotation frequency,  
s = the number of order,  
RPM = the revolution of the rotating component per minute. 
Engine firing or combustion will produce vibrations relative to the number of 
cylinders in the engine. The order will be one half the numbers of cylinders. A four-
stroke engine requires two complete revolutions of the crankshaft to fire all the 
cylinders. 
For example; a four cylinder engine fires cylinders 1 and 3 in the first revolution and 
2 and 4 in the second revolution. Two pulses per revolution are generated which is a 
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second order vibration. (Second order of crankshaft). A six cylinder engine fires 
three cylinders in the first revolution and three in the second causing three pulses per 
revolution or a third order vibration. 
Table 2.8 summarizes the engine orders and their sources briefly: 
Table 2.8: Engine Orders and Their Sources / Definitions 
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3. INVESTIGATIONS ON BOOMING NOISE IN COMMERCIAL 
VEHICLES AND PRECAUTIONS TO REDUCE THIS NOISE 
Up to now, some basic definitions about acoustics, vibration fundamentals and 
vehicle NVH have been introduced. The steps and the important parameters in 
vehicle NVH development have been discussed. In this study, the intention is to 
investigate the booming noise in commercial vehicles and try to find useful iterations 
to reduce this noise, with the aid of the computer aided engineering analysis and road 
test measurements. Vehicle overall noise level has been also actually measured to 
make a comparison of the measured and the simulated values. 
The panel contribution and transfer path analysis method starts off with CAE 
investigations in the relevant operating condition. Then these methods lead the road 
measurements. Thus, during the experimental case study main objects (mass, CoP 
etc...) have taken place according to CAE investigations. 
 
Figure 3.1: Corrective Actions; Bulkhead Mass And Close Out Panel 
3.1 Selection of the Test Method 
Choosing the best test methodology is the most important parameter before starting 
to gathering data and processing signals in vehicle NVH testing. Here, the aim is to 
gather interior noise data of a commercial vehicle during its worst case road load 
condition, which is the wide open throttle acceleration. While it enables sweeping all 
engine speeds, from creeping to the maximum, the overall vehicle NVH performance 
is measured in the complete operating RPMs. Third gear is selected for the wide 
open throttle run-up test. This can be explained in the simplest way, that 1st gear run-
Close Out Panel 
Bulkhead Mass 
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up would be completed unnecessarily fast and similarly the 2nd gear. This means the 
time resolution would be insufficient for identification of the critical peaks and 
engine orders. 4th gear would be the one to pronounce the critical order excitations 
and the peaks; however, this time the acceleration of the vehicle would be too slow 
causing increase in measurement time, larger files to be stored in the hard disk 
driver; and most importantly difficulties in keeping the vehicle creep properly in its 
idling RPM. In order to eliminate the errors mentioned, 3rd gear is selected for this 
full throttle acceleration test. 
3.2 Test Environment 
Test environment choosing is also quite important as much as test method selection 
during measurements. It plays an important role in gathering accurate and reliable 
measurement data. It is obvious that the background noise level should be under 
certain values (at least 10 dB lower than the minimum level under investigation to 
have ~0.5 dB measurement tolerance), so that it will not influence the actual vehicle 
noise to be measured. 
In this study, the vehicle NVH testing took place in road test track. It is of great 
importance to highlight that the customer is going to hear and feel what the vehicle 
performs on the road. This is very realistic and useful technique. 
3.3 Data Acquisition Hardware and Software 
In this study, the NVH measurements are conducted with the Head Acoustics 20- 
channel data acquisition system, which consists of data acquisition front-end Head 
acoustics SQ lab, can-bus, microphones and dongle which is also a license. Brüel & 
Kjaer’s transducers are used such as microphones. The main signal processing 
software used is Head Acoustics Artemis. Additionally; for the CAE studies, hyper 
mesh and V-sign program have been used to analyze the simulated data. 
Data acquisition hardware and software is presented below: 
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Figure 3.2: Test Equipment Hardware 
 
Figure 3.3: Test Equipment Software, ArtemiS 
3.4 Measurement Details 
Overall vehicle interior boom noise levels, under certain operating conditions, have 
been derived from transmission of the noises and vibrations based on engine to the 
bulkhead, luggage shelf and the other components which enclosures the cabin and 
Data acquisition front-end: Head Acoustics SQlab II 
Signal Processing System: Head Acoustics ArtemiS 
 
B&K 
Microphones 
 
Calibration tool 
Can-bus 
Analyzer 
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are called contributing parts, via paths. These contributing parts have been tested in 
panel contributing analysis with the aid of CAE and they have been performed on the 
test track. 
As the number of possible build variants was very high (wheel base, roof height, 
FWD / RWD, RHD / LHD, engine power, transmission, final drive ratio, load class 
etc.) it was decided to conduct a design of experiment (DOE) to minimize the testing 
work. On basis of projected build volumes and taken rates 15 versions for each FWD 
and RWD have been identified. 
It was defined to measure 3 vehicles of each version. Each vehicle should be 
measured in 4 conditions: 
• With Bulkhead Mass  
• With Close out Panel  
• With Bulkhead Mass and Close out Panel 
• Without Bulkhead Mass and Close out Panel 
This adds up to a total number of 100 vehicles and about 370 measurement 
conditions for the DOE.  Interior noise was measured on front left outer ear position 
(FLOE) and front right outer ear position (FROE) during idle and 3rd gear WOT 
acceleration. For the 3rd gear results three run-up measurements have been averaged.  
In this case two different metrics according to the most critical driving conditions for 
Boom have been defined: 
• Lugging Boom: Maximum SPL dB (A) of 2nd Engine Order in speed range between 
1000 and 1500rpm 
• Mid Speed Boom: Maximum SPL dB (A) of 2nd Engine Order in speed range 
between 2200 and 3200rpm 
3.5 Booming Noise 
Booming noise means that there would be resonance between the air volume of the 
cabin and revolving engine excitation. This booming noise affects the annoyance of 
sound quality in the cabin. It is also perceived as an unpleasant low frequency sound 
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by both the driver and passengers. For booming noise, sound pressure level and 
sound quality index should be measured. 
 
Figure 3.4: Booming Noise 
Booming noise occurs when there is a sudden increase in the 2nd engine order, for a 
four-cylinder four-stroke engine, and this is usually due to a resonance of the 
powertrain itself or of other systems (e.g. intake or exhaust). 
 
Figure 3.5: Booming Noise Steps 
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3.5.1 Mechanism of Booming Noise 
 
Figure 3.6: Mechanism of Booming Noise 
Noises and vibrations have been born in the engine bay mainly and pass through all 
over the paths then finally reach to the body panel. There are so many reasons about 
occurrence booming noise and this transmits via structureborne and airborne paths, 
which have been mentioned before. Then, a cavity resonance observed between the 
cabin interior air and vehicle body. Finally; annoying booming noise perceived by 
the driver or the passengers. 
3.5.2 Booming Noise Species 
It is possible to talk about so many types of booming noise species according to their 
facilities. Mainly, here, there are 3 types of booming noise. 
3.5.2.1 Low – Speed (Lugging) Boom 
Engine firing forces causes boom when the engine is operated at high torque and low 
RPM, low speed. The frequency band for lugging boom is between 30 – 60 Hz. 
Major source is engine torque variation, and the major causes are the resonances 
between room interior and chassis. 
3.5.2.2 Mid – Speed Boom 
It is seen at mid speed (50 – 80kph) and in full loads. The frequency band is between 
60 – 100 Hz. Major sources are engine torque variation and penetration of air intake 
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system. It is caused by the torsion and bending vibration of power-train, exhaust 
system resonance, membrane vibration of chassis panel, and beating of cabin 
interior. 
3.5.2.3 High – Speed Boom 
It is seen at high speed (above 80kph). The frequency band is between 100 – 200 Hz. 
Major sources are engine torque variation, penetration of air intake system, and tire 
unbalance. It is caused by engine auxiliary resonance. 
3.5.3 The Spectrum of Booming Noise 
Table 3.1: The Spectrum of Booming Noise 
 
Basically, there are 3 different frequency ranges for booming noise which is caused 
by engine and finals on the driver cabin. Here, resonance between the room interior 
and chassis is the main result. Engine torque variation is the main source.  
Generally, booming noise is generated in a cabin via noise and vibration 
characteristics of a vehicle body due to a rotational vibration of an engine caused by 
its combustion force, a rectilinear vibration caused by inertia force of pistons, and 
noise and vibration generated by intake/exhaust systems. Characteristics of booming 
noise often changes because a contribution ratios of causes change at acceleration 
and deceleration. 
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3.5.4 Booming Noise Analysis 
To tackle the booming noise problems in the prototype stage, there are many tools 
such as: 
Transfer Path Analysis (TPA), Running Mode Analysis (RMA), Structural Modal 
Analysis (SMA), Acoustic Modal Analysis (AMA) and Panel Contribution Analysis 
(PCA). 
 
Figure 3.7: Schematic diagram of the integrated Approach 
The independent results of each method give us much valuable information for the 
problem. However, the information is not sufficient if only one of those is available. 
For example, the RMA can indicate which panels are vibrating severely. However, it 
can not be concluded that those panels are the main source of the interior noise. 
Similarly the PCA can rank the panels according to their contribution to the noise but 
can not identify the noise transfer path or the structural modes in resonance. The 
insufficient information on the booming noise phenomenon may lead to some 
conclusions based on the engineering intuition. This may result in the 
misunderstanding of the phenomenon or the inefficient loop of trial-and-errors. 
3.5.4.1 Transfer Path Analysis (TPA) 
The transfer path analysis investigates the contribution of each path for the vibration 
/ noise transfer from the sources to the targets. For the engine booming noise 
problem, the source is the vibration of the engine and the target is the sound pressure 
level at the ear position of a passenger. The noise transfer paths are all the connection 
points between the engine side and the body side. There are three paths along the 
coordinate directions at each point in Figure 3.8. The transfer path analysis identifies 
the most critical path that transfers the engine vibration to the interior noise. 
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Figure 3.8: Selected paths for the TPA 
The total interior noise is the sum of the contributions through each transfer path as 
follow: 
∑ ∑== )/.( iii FPFPP                                                                                         (3.1) 
Where; 
P: total internal noise 
Pi: internal noise transferred through i-th path 
Fi: operating force at i-th path 
P/Fi: vibroacoustic transfer function at i-th path 
3.5.4.2 Panel Contribution Analysis (PCA) 
Contribution analysis provides the link between the vehicle as the customer 
experiences it and the behavior of the components.  
General formulation for contribution analysis: 
Contribution = Forcing function x Transfer function                                              (3.2) 
The forcing function describes the characteristics of the power-plant under operating 
conditions –e.g. 2nd gear full load / light drive. 
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The transfer function describes the vehicle sensitivity to the forcing from the power-
plant. 
Other tools, such as running modes / modal analysis can give direction on how to 
physically modify the component / system to solve a problem. 
The interior sound pressure is related to the motion of the structure and there are 
some components that vibrate a lot during the operation. The panel contribution 
analysis will derive the information that verifies the relation of those results from the 
previous analysis. 
 
► Red: negative deflection shape, 
► Blue: positive deflection shape, 
► Yellow: negative deflection shape 
but not strong as red color, 
► Green: neutral deflection shape 
 
Figure 3.9: Panel Contribution Analysis Definition 
During the thesis study, two main methods have been applied. They are “computer 
aided engineering (CAE) study” and “experimental case study”. Here, main objective 
is to improve the boom performance. Critical speed areas are 1000 to 1500 rpm 
(Lugging Boom) and between 2200 and 3200 rpm (Mid Speed Boom). Additional 
bulkhead mass is 3 kg and a close out panel above the passenger cabin have been 
implemented. 
PCA has given us two main areas which are luggage shelf above the driver’s head 
and back panel of the driver, should be controlled first. Therefore, bulkhead mass 
applied on the bulkhead and close out panel applied above the driver’s head as a 
corrective action. Besides that, there are other components which contribute the 
booming noise but their contributions are not as much as bulkhead and luggage shelf. 
Therefore, mostly, two main areas have been controlled in final throughout the study. 
Although there are so many tested vehicle samples, here only one sample discussed. 
All other vehicle samples investigated in the same ways. 
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3.5.5 Computer Aided Engineering (CAE) Study 
3.5.5.1 Base case: Without Bulkhead Mass + Without Close Out Panel 
When the base vehicle body has been run, it has given us that, lugging boom 
phenomena has occurred nearly around 1075 rpm. This rpm is equal to 36 Hz due to 
the 2nd engine firing order. In base vehicle condition, it shows that back panel of the 
driver have made negative deflections which also causes resonance between the 
room interior and chassis.  
Additionally, luggage shelf also has made negative displacements as back panel as 
shown below:  
 
► 36 Hz (1075 RPM) 
► Bad Bulkhead mode (high sound 
pressure level) and bad luggage shelf 
mode (high sound pressure level). 
 
 
Figure 3.10: PCA Result for the Condition “Without Bulkhead Mass + Without 
Close out Panel” 
 
Figure 3.11: CAE road test simulation result for the Condition “Without Bulkhead 
Mass + Without Close out Panel” 
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Here is the graphic which defines the lugging boom range when the vehicle in base 
level and has been run in 3rd gear and WOT maneuver, also measured 2nd engine 
order. There are few peaks between the 1000 – 1500 rpm and the 36 Hz is the 
strongest annoying one. The value for the lugging boom is nearly 62 dB. This result 
has been simulated in computer and has carried the same conditions with road test. 
Additionally, it is clearly seen that 95 Hz is another annoying frequency also called 
mid speed boom range as shown above graphic. Nearly 75 dB has been measured. 
In conclusion, base level of the vehicle needs to some corrective actions in terms of 
booming noises, especially in low speed boom range and mid speed boom range. It 
has been thought to be mass would be useful for the lugging boom range and close 
out panel would be useful for the mid sped boom. These are senior engineer 
foresight. 
3.5.5.2 With Bulkhead Mass + Without Close out Panel 
When only bulkhead mass has been applied to base vehicle body and  has been run, it 
has given us that, lugging boom phenomena has occurred nearly around 1075 rpm. 
This rpm is equal to 36 Hz as in base level iteration. In this case, it shows that back 
panel of the driver have made negative deflections which also causes resonance 
between the room interior and chassis. That is, mass has made degradation in lugging 
boom range. When compared with the base level, there are much more negative 
deflections in the case of with bulkhead mass which shifts the other vibrations to the 
same range of lugging boom and finally raises the amplitude magnitude objectively 
and raises noise in the driver’s ear. 
Additionally, luggage shelf also has made more negative displacements when 
compared to the base vehicle level as back panel but not stronger than base level 
iteration shown in figure 3.12. 
There are other contributions other than luggage shelf and bulkhead, but the 
contribution effects of the other contributors e.g. doors, windows, are not strong as 
much as main contributors. 
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► 36Hz (1075 RPM) 
► Bulkhead mode has got worse (high 
sound pressure level) and luggage 
shelf mode nearly the same with base 
condition (high sound pressure level). 
 
 
Figure 3.12: PCA Result for the Condition “With Bulkhead Mass + Without Close 
out Panel” 
 
Figure 3.13: CAE road test simulation result for the Condition “With Bulkhead 
Mass + Without Close out Panel” 
This graphic has given the result us that bulkhead mass has increased the sound level 
of the room interior in the lugging boom ranges. The most annoying value for the 
lugging boom is nearly 64 dB between the 1000 – 1500 rpms with two dominant 
peaks. 
Additionally, it is clearly seen that 95 Hz is another annoying frequency as shown 
above graphic. Nearly 75 dB has been measured. This value is the same as the 
condition base level though the figure 3.12 says that worse condition has been for 
mid - speed boom range. 
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3.5.5.3 Without Bulkhead Mass + With Close Out Panel 
When only close out panel has been applied to base vehicle body and has been run, it 
has given us that, lugging boom phenomena has occurred nearly around 1075 rpm. 
This rpm is equal to 36 Hz as in base level iteration and with mass iteration. In this 
case, it shows that back panel of the driver has made negative deflections but not in 
very strong and annoying dose as base vehicle condition has. On the contrary, close 
out makes improvement in terms of lugging boom. It achieves this by adding 
stiffness between the roof of the vehicle and top of the bulkhead. Thus it has given 
stiffness to the bulkhead that has not made negative deflections after it has gained 
stiffness by the aid of close out panel. Eventually, sound pressure level of the cabin 
due to the bulkhead, has declined markedly. 
Additionally, luggage shelf also has not made much more negative displacements 
when compared to the base vehicle level. Close out panel has improved the mid – 
speed boom range quite well. It achieves this by cutting the airborne source path 
between the huge air room enclosed at the back of the commercial vehicle and small 
air room enclosed between the close out panel, when attached, and luggage shelf 
above the driver’s head. 
 
► 95 Hz (2850 RPM) 
► Bulkhead mode has got better (low 
sound pressure level) and luggage 
shelf mode also has got better (very 
low sound pressure level) when 
compared with the other conditions. 
 
 
 
Figure 3.14: PCA Result for the Condition “Without Bulkhead Mass + With Close 
out Panel” 
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Figure 3.15: CAE road test simulation result for the Condition “Without Bulkhead 
Mass + With Close out Panel” 
This graph also has given us the best results in terms of lugging boom and mid – 
speed boom. The most annoying value for the lugging boom is nearly 58 dB between 
the 1000 – 1500 rpms. This means that 4 dB (A) improvement have been provided in 
terms of lugging boom with close out panel attachment according to base vehicle 
level. 
Additionally, it is clearly seen that 95 Hz is another annoying frequency as shown 
above graphic, figure 3.15. Nearly 72 dB has been measured. 3 dB (A) improvement 
has been provided when the close out panel attached to the base vehicle. 
3.5.5.4 With Bulkhead Mass + With Close Out Panel 
When both close out panel and bulkhead mass have been applied to base vehicle 
body and has been run, it has given us that, lugging boom phenomena has occurred 
nearly around 1075 rpm. This rpm is equal to 36 Hz. In this case, it shows that back 
panel of the driver has made negative deflections but not in very strong and annoying 
dose as base vehicle condition has. On the contrary, close out has made improvement 
in terms of lugging boom. But, bulkhead mass has made some degradation in the 
range of lugging boom at the same time, by shifting the other vibrations into the 
range of lugging boom. Thus, the gain about lugging boom has not been the same as 
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the condition that with only bulkhead mass but not worse case has been occurred 
than base vehicle level. Eventually, sound pressure level of the cabin due to the 
bulkhead, has declined slightly. 
Additionally, luggage shelf also has not made much more negative displacements 
when compared to the base vehicle level. Close out panel has improved the mid – 
speed boom range quite well. Although bulkhead mass has been attached to the 
vehicle, it has done no effect on mid speed boom phenomena. This has been 
expected result. 
 
► 95 Hz (2850 RPM) 
► Bulkhead mode has worse (high 
sound pressure level) a bit and bad 
luggage shelf mode (high sound 
pressure level) occurs. 
 
 
Figure 3.16: PCA Result for the Condition “With Bulkhead Mass + With Close out 
Panel” 
 
Figure 3.17: CAE road test simulation result for the Condition “With Bulkhead 
Mass + With Close out Panel” 
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In the graph above figure 3.17, it has given us the best results in terms of mid – speed 
boom as the condition that with close out panel. Although there have been slight 
improvement in the range of lugging boom, it isn’t the best result as mid speed boom 
range. The most annoying value for the lugging boom is nearly 60 dB between the 
1000 – 1500 rpms. This means that 2 dB (A) improvement have been provided in 
terms of lugging boom with close out panel attachment according to base vehicle 
level. 
Additionally, it is clearly seen that 95 Hz is another annoying frequency as shown 
above graphic, figure 3.17. Nearly 72 dB has been measured. 3 dB (A) improvement 
has been provided when the close out panel attached to the base vehicle. 
In conclusion, CAE tests have given us a useful idea for the experimental case. This 
would have been foresight for the road tests. Mass and close out panel have been 
located according to results of CAE simulations. 
It has been expected to gather the same results in the experimental case study as CAE 
tests but this is only a theory and probably road tests doesn’t support the theory. 
3.5.6 Experimental Case Study 
After the CAE analysis it has been necessary to perform the same iterations on the 
test track. All the conditions in CAE analysis (2nd engine order, 3rd gear WOT 
maneuver…) has been taken into account in road tests to make good correlations 
between the analyses. During the road tests, all conditions like temperature, 
humidity, microphone locations etc. has been stayed the same. 
All road tests have been done according to results of CAE analyses, like bulkhead 
mass location, CoP addition corrective actions, accelerometer location and etc. 
In experimental case study, critical frequency range of lugging boom and mid speed 
boom has been performed though it has been performed by CAE tests. 
Throughout the experimental case studies, microphones and accelerometers have 
been calibrated during all measurements respectively then have been used. 
Microphones, during the tests, have been located according to standards as shown 
below: 
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Figure 3.18: Microphone Location on Seats 
Throughout the experimental case studies, there have been used the same maneuver 
for the importance of repeatability of data. This maneuver has been taken as: 
► 3rd gear and WOT (Wide Open Throttle) 
► Min 850 rpm and maximum 4500 rpm for “WOT” (these are optional). 
► There are 4 iterations throughout the test, those are: 
Iterations have been the same as CAE tests: 
Table 3.2: Applied Experimental Iterations 
 
 
 
 
 
 
 
 
 
3.5.6.1 Critical Frequency Mode for Lugging Boom and Mid – Speed Boom 
Up to now, it has been 36 Hz has been critical mode for the lugging boom and nearly 
95 – 100 Hz has been critical mode for the mid – speed boom. This knowledge also 
has been proved by the experimental study on road. In this stud two different one – 
axis accelerometer have been used. One of them has been located on to bulkhead 
instead of bulkhead mass and the other one has been located on to the mid area of the 
Iterations Bu-He Mass CoP 
Iteration_1 + + 
Iteration_2   + 
Iteration_3     
Iteration_4 +   
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luggage shelf. Thus critical ranges for these booming noises have been performed 
again via experimental case study. 
 
Figure 3.19: Critical Frequences for Lugging Boom and Mid – Speed Boom, 2nd EO 
vs. rpm 
As the result of CAE simulations, road perfomance has given us that lugging boom 
frequency is nearly 36 Hz and mid – speed boom frequency is nearly 95 – 100 Hz. 
3.5.6.2 Base case: Without Bulkhead Mass + Without Close Out Panel 
First of all, vehicle has been run in base case. After that the corrective actions have 
been performed respectively. In the base case; lugging boom has been seen in the 
range of 1000 – 1500 rpm with double peak and mid speed boom has been seen in 
the range of 2200 – 3200 rpm with single dominant peak. 
Lugging boom measurement value is nearly 68 dB in 36 Hz and 42 Hz, and mid 
speed boom measurement value is 78 dB in 95 Hz. 
These values have been taken from 2nd EO, engine firing frequency. This has showed 
that booming has been caused because of the engine firing orders basically. With 
reference to this, corrective actions have been chosen and performed to absorb the 
final noise or shift the critic frequency. Here, lugging boom and mid – speed boom 
ranges have already been known. These frequencies have been based on the power of 
vehicles or the other specs of vehicles. 
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Below, the graphics, figure 3.20 have been split into two channels as FLOE and 
FROE. 
 
Figure 3.20: Experimental Test Result for the Condition “Without Bulkhead Mass + 
Without Close out Panel”, 2nd EO vs. rpm 
3.5.6.3 With Bulkhead Mass + Without Close Out Panel 
When only the bulkhead mass has been attached on the bulkhead and then the 
vehicle has been run, it has been clearly seen that the mass has made nearly 4 dB 
degradation in terms of vehicle boom level in the range of lugging boom rpms. The 
value of the measurement is 72 dB (A) and this has been coincided to 36 Hz. 
Bulkhead mass has not made any significant differences in the range of mid speed 
boom rpms in terms of vehicle boom level. The measurement value is 78 dB (A) as 
base vehicle iteration and this has been coincided to 95 – 100 Hz. 
Here, the bulkhead mass has bad contributing effect for lugging boom. It shifts any 
other frequencies into the boom frequency range and the sound level increase has 
been able to be seen. Few frequencies have been super positioned each other with 
attachment of the bulkhead mass. 
Due to the 4 dB degradation for lugging boom and no effect for mid speed boom, it 
could easily be said that the bulkhead mass is not suitable corrective action on behalf 
of reducing booming noise. Additionally, it would be extra cost damage. 
All these results can be seen from the graphic below figure 3.21: 
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Figure 3.21: Experimental Test Result for the Condition “With Bulkhead Mass + 
Without Close out Panel”, 2nd EO vs. rpm 
3.5.6.4 Without Bulkhead Mass + With Close Out Panel 
When only the close out panel has been attached above the luggage shelf and then 
the vehicle has been run, it has been clearly seen that the close out panel has made 
nearly 2 dB improvement in terms of vehicle boom level in the range of mid speed 
boom rpms. The measurement value is 76 dB (A) in 100 Hz. 
Additionally, the close out panel has made 1, 5 dB improvement in the range of 
lugging boom rpms in terms of vehicle boom level. The value is ~66,5 dB (A) in the 
frequency of 36 Hz. 
Here, the close out panel has good improving effect for mid speed boom and lugging 
boom. It decreases the boom level of the vehicle. 
Due to the 2 dB improvement for mid speed boom and 1, 5 dB improvement for the 
lugging boom, it could easily be said that the close out panel is suitable corrective 
action on behalf of reducing booming noise. 
When close out panel improves the mid speed boom, it achieves this by cutting the 
airborne source path between the huge air room enclosed at the back of the 
commercial vehicle and small air room enclosed between the close out panel, when 
attached, and luggage shelf above the driver’s head. Thus, huge air enclosed back of 
the vehicle can not excite the small air room directly because of the close out panel. 
It is an obstacle for the excited air enclosed back of the vehicle. 
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When it improves the lugging boom it brings stiffness between the bulkhead and the 
roof of the vehicle. Additionally, it absorbs some sound owing to its felt side. 
All these results can be seen from the graphic below: 
 
Figure 3.22: Experimental Test Result for the Condition “Without Bulkhead Mass + 
With Close out Panel”, 2nd EO vs. rpm 
3.5.6.5 With Bulkhead Mass + With Close Out Panel 
When both the close out panel and the bulkhead mass attached on the vehicle and 
then the full vehicle has been run, it has been clearly seen that the close out panel and 
the bulkhead mass have had 3 dB aggravating effect on lugging boom and the same 
improvement effect as the close out panel has had individually on mid speed boom, 
nearly 2 dB improvement in terms of vehicle boom level. 
Close out panel has made improvement in mid speed boom range and bulkhead mass 
has no effect on this range but, mass has had bad effect on lugging boom rpms 
though close out panel. Both of the corrective actions have had the best result for mid 
– speed boom noise but they haven’t achieved this for lugging boom at the same 
time. 
3 dB aggravating effect on lugging boom has made the decision negative for full 
case. Additionally, the cost parameter is important as the reducing the booming 
effect. These results have showed that both corrective actions are not suitable actions 
when they attached on the vehicle at the same time. Thus, it can easily be said that 
only close out panel is necessary for reducing lugging boom and mid speed boom. 
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Otherwise there would be cost damage and sound quality damage in terms of overall 
vehicle performance. 
 
Figure 3.23: Experimental Test Result for the Condition “With Bulkhead Mass + 
With Close out Panel”, 2nd EO vs. rpm 
At the end of the results, it can be said that bulkhead mass and lugging boom relates 
to structural phenomena and noise and vibration transfer occur in the way of 
structureborne. For the mid speed boom and luggage shelf relates both airborne 
phenomena and structureborne phenomena. Thus, noise and vibration transfers occur 
in way of both structureborne and airborne. 
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4. CONCLUSIONS & DISCUSSION 
In this study, the intention is to investigate the booming noise in commercial vehicles 
and try to find useful iterations to reduce this noise, with the aid of the computer 
aided engineering analysis and road test measurements. For this purpose, overall 
vehicle interior boom noise levels, under certain operating conditions, have been 
derived from transmission of the noises and vibrations based on engine to the 
bulkhead, luggage shelf and the other components which enclosures the cabin and 
are called contributing parts, via paths. These contributing parts have been tested in 
panel contributing analysis with the aid of CAE and they have been performed on the 
test track. As the number of possible build variants is very high (wheel base, roof 
height, FWD/RWD, RHD/LHD, engine power, transmission, final drive ratio, load 
class etc.) it was decided to conduct a DoE to minimize the testing work. Then On 
basis of projected build volumes and take rates 15 versions for each RWD and FWD 
have been identified. It has been defined to measure 3 vehicles of each version. Each 
vehicle should be measured in 4 conditions: 
Based on the outcome of the studies conducted, when the vehicle in base iterations it 
has some problems with the booming noises in different ranges. Then, when some 
corrective actions have been taken, both CAE and experimental case study results 
show that corrective actions have given different responses to the vehicles specs 
respectively. That is, while any corrective action has been might be the best result for 
the any vehicle which has different specifications but conversely might not be as 
good as for the another vehicle which has completely different from before. At this 
point, it is of great importance to categorize the DoE selection for the best results. 
The DoE results have been analysed for FWD and RWD version separately. First 
result in general has been that neither the mass nor the CoP has significant effect on 
lugging boom. So the further analyses have been concentrated on the mid-speed 
boom results.  
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For RWD Versions: 
● the bulkhead mass have not been able to be perfect corrective action on all RWD 
variants. 
● the close out panel has showed significant improvements not only on Lugging 
Boom but also on Mid-Speed Boom and should be attached for all RWD variants 
For FWD Versions: 
● the bulkhead mass have not been able to be perfect corrective action on all FWD 
variants. 
● For 4 versions the close out panel has not been able to attach: 
Table 4.1 Vehicle Variants which have not been able to attach close out panel 
Wheelbase Roof Height Power Drive Load Class Bulkhead 
LWB medium 110 RHD 300 / 1.3 Full 
MWB medium 130 LHD 330 / 1,3 Full 
LWB high 110 LHD 350 / 1.7 Full 
LWB high 130 LHD 350 / 1.7 Full 
Finally, it can be said that booming noise phenomena can be solved by few types of 
method or by any method with some corrective actions. Here, two methods have 
been chosen and two different corrective actions have been performed. Whatever 
actions have been taken, it is impossible to say that any action is suitable for al 
variants or for all specs commercial vehicles. All solutions have been useful for the 
different types of commercial vehicles. 
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